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SINGLE STAGE EXPERIMENTAL EVALUATION OF 
HIGH MACH NUMBER COMPRESSOR ROTOR BLADING 

PART I - DESIGN OF ROTOR BLADING 

by 
D.R. Sey le r  and L.H. Smith, Jr. 

ABSTRACT 

A set  of fou r  axial-flow medium-aspect-ratio compressor r o t o r  b lade  rows was 
designed t o  provide a v e h i c l e  f o r  experimental  e v a l u a t i o n  of t h e  use of b lade  
camberline shape t o  minimize blade element l o s s e s  i n  t h e  h igh- t ransonic  Mach 
number region. One blade row was designed f o r  a t i p  d i f f u s i o n  f a c t o r  of 0.35 
wi th  a t i p  blade element r a t i o  of supersonic  t o  t o t a l  camber of 0. The o t h e r  
t h r e e  blade rows were designed f o r  a t i p  d i f f u s i o n  f a c t o r  of 0.45 wi th  t i p  
r a t i o s  of supersonic t o  t o t a l  camber varying from 0 t o  0.65, t h e  va lue  r e q u i r -  
ed f o r  a double-c i rcu lar  arc blade element,  

SUMMARY 

A set of f o u r  axial-flow medium-aspect-ratio compressor r o t o r  blade rows was 
designed t o  provide a v e h i c l e  f o r  experimental  e v a l u a t i o n  of t h e  use  of b lade  
camberline shape t o  minimize b lade  element l o s s e s  i n  t h e  h igh  t r a n s o n i c  Mach 
number reg ion .  One r o t o r ,  des igna ted  Rotor l B ,  was designed t o  produce a t i p  
d i f f u s i o n  f a c t o r  of 0.35 and t h e  o t h e r  t h r e e ,  des igna ted  Rotors 2B, 2 D  and 
2E, were designed to produce a t i p  d i f f u s i o n  f a c t o r  of 0.45. Rotor 1 B  de- 
l i v e r s  a design total-pressure r a t i o  of 1.60 and t h e  Rotors 2 d e l i v e r  a des ign  
t o t a l - p r e s s u r e  r a t i o  of 1.76. The i n l e t  hub-tip r a d i u s  r a t i o  i s  0.50 f o r  a l l  
f o u r  r o t o r s  and a l l  were designed t o  pas s  a c o r r e c t e d  weight flow of 29.66 
lb/sec-sq f t  f r o n t a l  a r e a  a t  a r o t o r  t i p  speed of 1400 f t / s e c .  Rad ia l ly  con- 
s t a n t  t o t a l  p ressure  but r a d i a l l y  varying l o s s e s  were used i n  t h e  c o n s t r u c t i o n  
of v e l o c i t y  diagrams. The loss s e l e c t i o n s  r e s u l t e d  i n  weight-flow-averaged 
r o t o r  a d i a b a t i c  e f f i c i e n c i e s  of 0.858 f o r  Rotor 1 B  and 0.837 f o r  Rotors  2. 
The Rotors 2 were designed f o r  t h r e e  l e v e l s  of t h e  r a t i o  of t h e  camber i n  t h e  
f r o n t  or supersonic p o r t i o n  of t h e  blade element t o  t h e  t o t a l  camber. The 
sma l l e s t  camber r a t i o  was repea ted  i n  t h e  des ign  of Rotor 1B. The a s p e c t  
r a t i o  f o r  a l l  i s  about 2.5;  part-span shrouds a r e  employed t o  i n s u r e  s a t i s f a c -  
t o r y  aeromechanical performance. The t i p  diameter of t h e  compressor i s  36.5". 
For t h i s  diameter t h e  des ign  weight flow i s  215.49 lb/sec. The compressor 
v e h i c l e  was designed t o  be compatible wi th  t h e  General E lec t r i c  Lynn Component 
T e s t  Operation House Compressor Tes t  Stand. 

Design parameters were selected f o r  i n l e t  sc reening  t o  permit t h e  s tudy  of 
e f f e c t s  of i n l e t  flow d i s t o r t i o n .  
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I NTRODUCT I ON 

Although e a r l y  a t tempts  t o  opera te  compressors wi th  t r a n s o n i c  Mach numbers 
were d isappoin t ing ,  t h e  p o t e n t i a l  fo r  s u b s t a n t i a l  i nc reases  i n  s t a g e  p res su re  
r a t i o  with t r anson ic  compressors s t imulated research  i n  t h i s  a rea .  In  t h e  
e a r l y  1950 ' s  t h e  National Advisory Commit tee  f o r  Aeronaut ics  embarked on an 
ex tens ive  program t o  develop t h e  performance of t r anson ic  compressor s t a g e s  
culminating with the  conclusion ( r e f .  1) t h a t  t h e r e  is no Mach number b a r r i e r  
f o r  axial-f low compressors, but r a the r  a continuous spectrum of performance a s  
design Mach number i s  increased  i n t o  t h e  supersonic  range. 

This  work and p a r a l l e l i n g  experiments i n  t h e  a i r c r a f t  gas  t u r b i n e  indus t ry  l e d  
t o  temporar i ly  accepted design l i m i t s  f o r  compressor f r o n t  end s t a g e s  which 
acknowledged t h e  observa t ions  t h a t :  

1. Dif fus ion  f a c t o r  l e v e l s  i n  excess of 0 . 4  i n  t h e  r o t o r  t i p  reg ion  a r e  
f requent ly  accompanied by high l o s s e s .  

2 .  Blade elements with r e l a t i v e  Mach numbers i n  excess  of 1 . 2  have the  
p o t e n t i a l  f o r  high lo s ses  when simple blade shapes such a s  t h e  double- 
c i r c u l a r - a r c  a r e  employed. 

3. Rotor t i p  s o l i d i t i e s  of less than 1 .0  i n  conjunct ion  with t r a n s o n i c  
r e l a t i v e  Mach numbers accentuate  t h e  l o s s .  

I s o l a t e d  demonstrations,  such a s  tha t  i n  r e fe rence  2 ,  probed f u r t h e r  with 
reasonable  r e s u l t s ,  but s u f f i c i e n t  data and a reasonable  model f o r  t h e  design 
of f r o n t  s t age  r o t o r s  with t i p  speeds i n  excess  of 1200 f e e t  pe r  second do not  
appear i n  t h e  l i t e r a t u r e .  The purpose of t h e  designs repor ted  he re in  is  t o  
ob ta in  blade element da t a  from r o t o r  b lades  which ope ra t e  a t  high-transonic  
Mach numbers. 

Analyses of t h e  o r i g i n  of l o s s  i n  t ransonic  r o t o r s ,  such a s  i n  r e fe rence  3, 
where t h e  shock l o s s  is considered separa te ly  from t h e  p r o f i l e  or subsonic 
d i f f u s i o n  l o s s  r e s u l t  i n  t he  observat ion t h a t  t h e  shock l o s s  can be a s i z e a b l e  
f r a c t i o n  of t he  t o t a l  l o s s .  Consideration of t he  r e l a t i o n s h i p  between t h e  
shock l o s s  and supersonic  expansion on t h e  curved uncovered p o r t i o n  of t h e  
blade element l e d  t o  t h e  conclusion t h a t  t h e  shape and d i r e c t i o n  of t h e  suc- 
t i o n  su r face  i n  t h e  uncovered port ion p l ays  an important r o l e  i n  minimizing 
t h e  l o s s  of t r anson ic  r o t o r  blade elements. 

I t  appears  t h a t ,  when high-transonic Mach numbers a r e  employed, fundamentally 
d i f f e r e n t  cons ide ra t ions  apply t o  the s e l e c t i o n  of t h e  shape of t h e  uncovered 
forward p o r t i o n  of a blade element and t h e  shape of t h e  covered passage por- 
t i o n  behind i t .  The uncovered port ion,  i d e n t i f i e d  i n  ske tch  1 a s  1 - m ,  may be 
f u r t h e r  subdivided by t h e  po in t ,  f ,  which r ep resen t s  t h e  o r i g i n  of t h e  f i r s t  
Mach wave from t h e  suc t ion  sur face  tha t  i s  captured by t h e  ad jacent  blade.  
Along t h e  i n l e t  po r t ion ,  1-f, expansion and compression waves, when they  a r e  
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p resen t ,  must be of such s t r e n g t h  t h a t  t h e  cond i t ion  of no change i n  angular  
momentum of t h e  flow along any blade-to-blade l i n e  forward of t h e  lead ing  
edge i s  s a t i s f i e d .  A p r i n c i p a l  cons ide ra t ion  i n  t h e  s e l e c t i o n  of p o i n t ,  m, 
i s  t h e  t h r o a t  area requirement.  Th i s  a rea  i s  a f f e c t e d  by s t a r t i n g  cond i t ions ,  
s t reamtube cont rac t ion ,  boundary l a y e r  allowances and t h e  change i n  choke 
flow area t h a t  occurs along a s t r eaml ine  because of changing r ad ius  i n  a ro- 
t a t i n g  coordinate  s y s t e m .  The shape of t h e  covered po r t ion ,  m-2, of t h e  blade 
depends upon subsonic d i f f u s e r  cons ide ra t ions  and d e v i a t i o n  angle  requirements .  

Finding t h e  minimum blade element loss f o r  high-transonic  r o t o r  b lad ing  seems 
t o  be most d i r e c t l y  r e l a t e d  t o  a search  for a blade element shape which pro- 
v ides  t h e  b e s t  balance between shock loss and subsonic d i f f u s i o n  loss.  A new 
method f o r  developing blade elements ,  wherein t h e  camberline c o n s i s t s  of two 
c i r c u l a r  a r c s  which a r e  mutually tangent a t  t h e  poin t  where they  j o i n ,  was 
employed. The f ron t  a r c  i s  i d e n t i f i e d  as t h e  supersonic  a r c ,  and t h e  r e a r  a r c  
i s  i d e n t i f i e d  as t h e  subsonic a r c .  The t e r m ,  camber r a t i o ,  r e f e r s  t o  t h e  
r a t i o  of t h e  camber of t h e  supersonic  a r c  t o  t h e  t o t a l  camber. Blade elements 
developed i n  t h i s  way a r e  c a l l e d  mul t ip l e -c i r cu la r - a rc  e lements  and provide a 
reasonable  means f o r  varying blade shapes between t h e  two extremes of double- 
c i r c u l a r - a r c  elements and mul t ip l e -c i r cu la r - a rc  e lements  wi th  t h e  sma l l e s t  
supersonic  camber c o n s i s t e n t  wi th  choke-free ope ra t ion .  
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For t h e  0.35  ro tor - t ip -d i f fus ion- fac tor  des ign  t h e  d i f f e r e n c e s  i n  camberline 
shape f o r  t h e  extremes approached normal manufacturing to l e rances .  Therefore  
only t h e  blade shape approaching t h e  choke l i m i t  was designed.  For t h e  0.45 
ro to r - t i p -d i f fus ion - fac to r  design s u f f i c i e n t  d i f f e r e n c e  i n  camberline shape 
r e s u l t e d  so t h a t  t h e  design of two extremes and an in te rmedia te  l e v e l  of cam- 
ber  r a t i o  was warranted. Other design parameter s e l e c t i o n s  a r e  made so t h a t  
t he  r e s u l t i n g  blade geometry i s  typ ica l  aerodynamically and mechanically of 
f u t u r e  engine f r o n t  s t age  r o t o r  blade rows. 

The approach se l ec t ed  f o r  t hese  ro to r  designs i s  be l ieved  t o  o f f e r  t h e  oppor- 
t u n i t y  f o r  advancement i n  compressor technology by us ing:  

1. an axisymmetric procedure capable of c a l c u l a t i n g  t h e  flow f i e l d  
throughout t h e  region of t h e  blade row t o  accu ra t e ly  determine t h e  
flow d i r e c t i o n  a t  t he  blade edges and the  d i s t r i b u t i o n  of meridional  
streamtube a rea  through t h e  blade row, and 

2.  blade element shapes of t h e  type descr ibed  i n  appendix B, Mult iple-  
and Double-Circular-Arc Proper t ies ,  where t h e  camberline and su r faces  
a r e  c i r c u l a r  a r c s  of d i f f e r e n t  cu rva tu re  i n  t h e  uncovered or super- 
sonic  po r t ion  and t h e  covered or subsonic p o r t i o n  of t h e  blade ele- 
ment. 

This  mul t ip le -c i rcu lar -a rc-b lade  type is  bel ieved t o  be capable  of good per-  
formance i f  t he  proport ions a r e  properly se l ec t ed .  

SYMBOLS 

The fol lowing symbols a r e  used i n  t h i s  r e p o r t :  

A exponent i n  equat ion (B12), page 26 

2 A flow a rea ,  i n  

a d i s t ance  along chord l i n e  t o  p o s i t i o n  where 
placement between camberline and chord l i n e  

maximum perpendicular  d i s -  
occurs ,  i n  

enthalpy-equivalent  s t a t i c -p res su re - r i s e  c o e f f i c i e n t ,  ‘h 
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p2 - p1 
s t a t i c - p r e s s u r e - r i s e  c o e f f i c i e n t ,  C = 

p; - P I  P C 
P 

C 

C 
P 
D 

e 

F 

€ 

i 

J 

Kbk 

Kbkb 

Kbks 

Kbkw 

L 

M 

m 

N 

Nb 

P 

blade chord l eng th ,  i n  

s p e c i f i c  hea t  a t  cons t an t  p re s su re ,  0 . 2 3 9 9  Btdlb-OR 

d i f f u s i o n  f a c t o r ,  equa t ion  (l), page 15 

base of n a t u r a l  system of logar i thm 

body force  pe r  u n i t  mass, f t / s e c  2 

frequency , c p s  

a c c e l e r a t i o n  due t o  g r a v i t y ,  32.174 f t / s e c 2  

displacement along r a d i a l  d i r e c t i o n  between axisymmetric s t ream 
su r faces ,  i n  

incidence angle ,  d i f f e r e n c e  between a i r  ang le  and camber l i n e  ang le  
a t  l ead ing  edge i n  cascade p r o j e c t i o n  ( see  Rotor Blade Shape Design 
sect ion ) ,  deg 

mechanical equiva len t  of h e a t ,  778.161 f t - lb /Btu  

t o t a l  e f f ec t ive -a rea  c o e f f i c i e n t  

e f f e c t i v e - a r e a  c o e f f i c i e n t  due t o  b lade  blockage 

e f f ec t ive -a rea  c o e f f i c i e n t  due t o  part-span shroud blockage 

e f f ec t ive -a rea  c o e f f i c i e n t  due t o  wal l  boundary l a y e r  blockage 

l e n g t h  i n  cascade p r o j e c t i o n  ( see  Rotor Blade Shape Design s e c t i o n )  
def ined  i n  appendix C ,  i n  

blade chord l e n g t h  p ro jec t ed  t o  a x i a l  d i r e c t i o n ,  i n  

Mach number 

dev ia t ion  c o e f f i c i e n t ,  equa t ion  (21, page 7 ,  and f i g u r e  9 ,  page 54 

r o t  a t  ional speed, rpm 

number of r o t o r  b l ades  

t o t a l  or s t a g n a t i o n  p res su re ,  p s i a  
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Y O  

s t a t i c  or stream pressure ,  ps ia  

gas  cons t an t ,  53.342 ft-lb/lb-"R 

rad ius ,  i n  

mean r ad ius ,  average of s t reaml ine  leading-edge and t r a i l i n g - e d g e  
r a d i i ,  i n  

r ad ius  of cu rva tu re  of p ro jec t ion  of s t r eaml ine  on meridional  p lane ,  
i n  

en t ropy ,  Btu/lb-OR 

blade spacing,  i n  

t o t a l  or s t agna t ion  temperature,  O R  

s t a t i c  or st ream temperature ,  OR 

blade th i ckness ,  i n  

blade edge th ickness ,  i n ;  sketch 6 i n  appendix B 

blade maximum th i ckness ,  i n  

r o t o r  speed, f t / s e c  

c i r cumfe ren t i a l  displacement de f ined  i n  equat ion  (B19), page 30, i n  

a i r  v e l o c i t y ,  f t / s e c  

weight flow, lb / sec  

empir ica l  dev ia t ion  angle  adjustment,  deg 

displacement along compressor a x i s ,  i n  

a i r  angle ,  angle  whose tangent i s  t h e  r a t i o  of t a n g e n t i a l  t o  a x i a l  
v e l o c i t y ,  deg 

r a t i o  of s p e c i f i c  h e a t s  

blade-chord angle ,  angle  i n  cascade p r o j e c t i o n  ( see  Rotor Blade Shape 
Design s e c t i o n )  between blade chord and a x i a l  d i r e c t i o n ,  deg 

dev ia t ion  angle ,  d i f f e r e n c e  between a i r  angle  and camber l i n e  angle  
a t  t r a i l i n g  edge i n  cascade projection ( see  Rotor Blade Shape Design 
s e c t i o n ) ,  deg 
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meridional angle ,  angle  between tangent  t o  s t r eaml ine  p r o j e c t e d  on 
meridional p lane  and a x i a l  d i r e c t i o n ,  deg 

angu la r  displacement about compressor axis ,  deg 

a d i a b a t i c  e f f i c i e n c y  

u n i t  vec tor  i n  d i r e c t i o n  of i n t e r s e c t i o n  of axisymmetric s t ream 
s u r f a c e  and blade mean su r face  

angle  between c y l i n d r i c a l  p r o j e c t i o n  of i and a x i a l  d i r e c t i o n ,  deg 

l e a n  angle, angle i n  z = cons tan t  p lane  between tangent  t o  b lade  mean 
s u r f a c e  and r a d i a l  d i r e c t i o n ,  deg 

s t a t i c  or stream d e n s i t y ,  lb-sec / f t  

s o l i d i t y ,  r a t i o  of chord t o  spacing 

camber angle, d i f f e r e n c e  between ang le s  i n  cascade p r o j e c t i o n  ( see  
Rotor Blade Shape Design s e c t i o n )  of t angen t s  t o  camberline a t  extremes 
of camberline a r c ,  deg 

s t ream funct ion;  $h = 0 ,  $c = 1 

to ta l -p re s su re - los s  c o e f f i c i e n t  

l o c a l  l o s s - r a t e  c o e f f i c i e n t ,  equa t ion  (B3), page 24 

+ 
K 

2 4  

Subsc r ip t s  : 

a 

C 

C Y 1  

d 

e 

h 

i 

i- 1 

i d  

po in t  o n  camber l i n e  where maximum camber l i n e  rise occur s  

t i p  or casing a t  any s t a t i o n  

i n  c y l i n d r i c a l  s e c t i o n  of b lade  

des ign  

equiva len t  two-dimensional cascade  

hub a t  any s t a t i o n  

a r b i t r a r y  a x i a l  s t a t i o n  

preceding a r b i t r a r y  a x i a l  s t a t i o n  

i d e a l  



m meridional  d i r e c t i o n  

m po in t  on camberline where maximum th i ckness  occurs  

r r a d i a l  d i r e c t i o n  

S suc t ion  su r face  

sb  subsonic or r e a r  p o r t i o n  of blade element 

s s  supersonic  o r  f r o n t  p o r t i o n  of blade element 

t t i p  a t  s t a t i o n  1 .0  

t t o t a l  when r e f e r r i n g  t o  blade element 

t hr l o c a t i o n  i n  passage between adjacent  b lades  where a r e a  bounded by 
ad jacent  b lades  and ad jacent  axisymmetric s t ream s u r f a c e s  i s  minimum; 
appendix C 

Z a x i a l  d i r e c t  i o n  

9 t a n g e n t i a l  d i r e c t i o n  

1 leading  edge 

1 .o z = cons tan t  p lane  ind ica t ing  s t a t i o n  a t  i n l e t  t o  blade row 

1.5 z = cons tan t  p lane  ind ica t ing  s t a t i o n  a t  e x i t  from blade row 

2 t r a i l i n g  edge 

Superscr ip t s :  

* c r i t i c a l  flow cond i t ion  

I r e l a t i v e  t o  r o t o r  

ROTOR DESIGN 

Overall Design Fea tu res  

A set of fou r  medium-aspect r a t i o  high-transonic rotors was designed a s  a 
v e h i c l e  f o r  experimental  eva lua t ion  of t h e  use  of blade camber l i n e  shape t o  
minimize blade element l o s s e s .  A l l  f o u r  r o t o r s  have some o v e r a l l  cha rac t e r -  
i s t i c s  i n  common a s  l i s t e d  below: 

1. Rotor t i p  speed, 1400 f t / s e c .  

2 .  I n l e t  hub-tip r a d i u s  r a t i o ,  0.50. 

11 



3. Rotor i n l e t  t i p  diameter,  36.5 i n .  

4. Corrected weight flow, 215.49 lb / sec  

5.  Corrected weight flow p e r  u n i t  f r o n t a l  a r e a ,  29.66 lb/sec-sq.  f t .  

6 .  Rotor t i p  s o l i d i t y ,  1 . 3  wi th  chord r a d i a l l y  c o n s t a n t .  

7 .  Number of r o t o r  b lades ,  44. 

Two l e v e l s  of loading r e s u l t  i n  d i f f e r e n c e s  i n  some of t h e  o v e r a l l  c h a r a c t e r -  
i s t ics  as l i s t ed  below: 

Rotor 1 B  Rotors 2 

Rotor t i p  d i f f u s i o n  f a c t o r  0.35 0.45 
Total-pressure r a t i o ,  r a d i a l l y  cons t an t  1.60 1.76 
Rotor b lade  aspect r a t i o  2.5 2.4 

Rotor t i p  r e l a t i v e  Mach number 1.43 1.45 
T ip  blade element camber r a t i o  1 l e v e l  3 l e v e l s  
Weight-flow averaged r o t o r  a d i a b a t i c  e f f i c i e n c y  0.858 0.837 

Rotor t i p  ax ia l  v e l o c i t y  r a t i o  .91 .91 

The Rotor 1 B  t i p  d i f f u s i o n  f a c t o r  of 0.35 i s  r e p r e s e n t a t i v e  of common p r a c t i c e  
f o r  s t a g e s  wi th  an i n l e t  r a d i u s  r a t i o  of 0.5;  t h e  t i p  Mach number, 1.43, is  
g r e a t e r  t han  i s  commonly used. Th i s  combination provides  a l i n k  wi th  p a s t  
exper ience  and o the r  c u r r e n t  des igns  where s i m i l a r  d i f f u s i o n  f a c t o r  l e v e l s  
have been used i n  con junc t ion  wi th  lower Mach number l e v e l s .  The s e l e c t i o n  of 
t h e  Rotors 2 t i p  d i f f u s i o n  f a c t o r ,  0.45, was made wi th  t h e  thought t h a t  t h e  
d i f f u s i o n  l o s s e s  a s s o c i a t e d  wi th  a loading  l e v e l  which i s  somewhat h ighe r  t han  
common p r a c t i c e  might be t o l e r a b l e ,  i f  t h e  shock l o s s e s  a r e  minimized. The 
t h r e e  l e v e l s  o f  the r a t i o  of supersonic  t o  t o t a l  camber w h i c h > c h a r a c t e r i z e  t h e  
d i f f e r e n c e  between t h e  t h r e e  Rotors 2 a r e  intended t o  provide  a range i n s i d e  
which t h e  minimum blade  element loss w i l l  occur.  One l e v e l  of camber r a t i o  
f o r  Rotor 2 w a s  achieved by s e l e c t i n g  double-c i rcu lar -a rc  b lade  elements;  t h e  
r e s u l t i n g  b lade  is  i d e n t i f i e d  a s  Rotor 2D. The o t h e r  two l e v e l s  of camber 
r a t i o  f o r  Rotors 2 were achieved by us ing  mul t ip l e -c i r cu la r - a rc  b lade  elements.  
Rotor 1B a l s o  employs mul t ip l e -c i r cu la r - a rc  b lade  elements.  All r o t o r s  employ 
double-circular-arc blade elements i n  t h e  hub reg ion .  Because Rotor 2D i s  a 
b lade  composed e n t i r e l y  of double-c i rcu lar -a rc  b lade  e lements ,  i t  provides  a 
geometric l i n k  with p a s t  exper ience .  The remaining i t e m s  were s e l e c t e d  as 
being t y p i c a l  of a f a n  or compressor f r o n t  s t a g e ,  t h e  most l i k e l y  a p p l i c a t i o n  
of a high-transonic rotor blade.  The r a d i a l  p o s i t i o n  of t h e  part-span shroud 
(app. A )  is  s u f f i c i e n t l y  f a r  removed from t h e  h igh  Mach number r eg ion  so a s  
not t o  i n t e r f e r e  wi th  t h e  important blade element measurements. The r o t o r  t i p  
diameter was se l ec t ed  t o  be compatible with t h e  General E lec t r ic  Lynn Component 
T e s t  Operation House Compressor T e s t  Stand. The o v e r a l l  f lowpath i s  shown i n  
f i g u r e  1 .  
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Method of Calcu la t ion  f o r  Rotor Design 

The o v e r a l l  c a l c u l a t i o n  procedure used f o r  t h i s  design is  o u t l i n e d  i n  Appendix 
B, Compressor Axisymmetric Flow Determination (CAFD), where t h e  p r i n c i p a l  
equat ions  a r e  l i s t e d .  

A t o t a l  of twenty-three c a l c u l a t i o n  s t a t i o n s  and t e n  equal-flow streamtubes 
were used t o  a r r i v e  a t  t h e  design vector  diagrams i n  t h e  reg ion  of t h e  r o t o r .  
Figure 2 shows t h e  l o c a t i o n  of c a l c u l a t i o n  s t a t i o n s  i n  the  neighborhood of 
t h e  Rotors 2. The f i r s t  c a l c u l a t i o n  s t a t i o n ,  0.1, was loca ted  approximately 
15" forward of t he  r o t o r  and t h e  l a s t  c a l c u l a t i o n  s t a t i o n ,  2.0, was loca ted  
approximately 15" a f t  of t h e  r o t o r  (the annulus he ight  a t  r o t o r  i n l e t  s t a t i o n  
i s  9,125");  t he  s t reaml ine  s lope  and curva ture  boundary cond i t ions  were es -  
t a b l i s h e d  a t  s t a t i o n s  19" forward and 23" a f t  of t h e  r o t o r .  Two of t h e  c a l -  
c u l a t i o n  s t a t i o n s  were loca ted  immediately upstream and downstream of t h e  
blade a x i a l  p ro j ec t ion  ex t r emi t i e s  ( s t a t i o n s  1.0 and 1.5, r e s p e c t i v e l y )  and 
f i v e  a d d i t i o n a l  c a l c u l a t i o n  s t a t i o n s  were spaced equal ly  wi th in  t h e s e  ex- 
tremes. The add i t iona l  i n t e r i o r  s t a t i o n s  improve t h e  o v e r a l l  accuracy of t h e  
s o l u t i o n  by including i n  f a i r  de t a i l  t h e  e f f e c t s  of blade th i ckness  blockage 
on t h e  s lopes  and curva tures  a t  t h e  blade i n l e t  and e x i t  s t a t i o n s  and thereby 
enhance t h e  execut ion of t h e  r o t o r  design. 

In  t h e  o v e r a l l  CAFD c a l c u l a t i o n  t h e  change i n  angular  momentum i s  d i s t r i b u t e d  
along axisymmetric s t ream su r faces  i n  t h e  a x i a l  space of t h e  blade according 
t o  t h e  f i r s t  q u a r t e r  cyc le  of a s i n e  wave r a i s e d  t o  t h e  A power (eq. (B12), 
page 26). I n  t h e  present  design,  A was given the  value of 1 .5 .  Based on p a s t  
experience t h i s  s e l e c t i o n  provides  a reasonably good r e p r e s e n t a t i o n  of t h e  ex- 
pected r o t o r  work input  d i s t r i b u t i o n ;  it i s  not a c r i t i c a l  s e l e c t i o n  because 
the  d i s t r i b u t i o n  does not have an important in f luence  on t h e  a i r  angles  a t  
blade i n l e t  and e x i t .  D i s t r i b u t i o n s  of t h e  change i n  angular  momentum along 
t w o  s t r eaml ines  from Rotors 2 c a l c u l a t i o n s  a r e  shown i n  f i g u r e  3. The dashed 
l i n e  i n  t h e  region of t h e  leading edge of t h e  blade g ives  i n d i c a t i o n  of t h e  
technique which is  used t o  f i n d  modified a x i a l  d e r i v a t i v e s  of angular  momen- 
tum t h a t  a r e  used i n  t h e  rad ia l -equi l ibr ium equat ion  (eq. (B6) ). Modifying 
t h e  d e r i v a t i v e s  minimizes the  abnormal inf luence  of l a r g e  changes from poin t -  
to-point  i n  the  c a l c u l a t i o n  g r i d .  

Ef fective-Area Coef f i c i en t  

I n  a p p l i c a t i o n  of t h e  CAFD procedure t o  t h e  present  designs,  no attempt was 
made t o  c a l c u l a t e  t he  loca l i zed  ve loc i ty  v a r i a t i o n s  t h a t  occur  deep i n  t h e  
annulus wal l  boundary l aye r s .  Instead,  t h e  c a l c u l a t e d  free-s t ream flow d i s -  
t r i b u t i o n s  w e r e  continued t o  t h e  annulus boundaries.  The weight flow used a t  
each s t a t i o n  was r e l a t e d  t o  t h e  ac tua l  weight flow by an e f f ec t ive -a rea  co- 
e f f i c i e n t ,  

boundary l aye r s .  Su i t ab le  values  for t he  e f f ec t ive -a rea  c o e f f i c i e n t  w e r e  
s e l e c t e d  on the  b a s i s  of pas t  experience; an e f f ec t ive -a rea  c o e f f i c i e n t  of 
0.98 w a s  used a t  a l l  s t a t i o n s  forward of t he  r o t o r  and 0.95 a t  a l l  s t a t i o n s  
a f t  of t he  inf luence  of the  r o t o r  and the  part-span shroud. 

t h a t  accounts for the displacement th ickness  of t he  wal l  
Kbkw ' 
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A t  c a l c u l a t i o n  s t a t i o n s  where phys ica l  o b s t r u c t i o n s  t o  t h e  flow e x i s t ,  such a s  
s t a t i o n s  i n t e r n a l  t o  a b lade  row, a modi f ie r  must be inc luded  i n  t h e  e f f e c t i v e -  
a rea  c o e f f i c i e n t  t o  r e f l e c t  t h e  r educ t ion  of flow a r e a .  T h i s  modi f ie r  i s  a 
f u n c t i o n  of rad ius  s i n c e  both t h e  circumference and t h e  t a n g e n t i a l  t h i c k n e s s  
of t h e  b lades  a re  dependent upon r a d i u s .  The presence of par t - span  shrouds i n  
t h e s e  des igns  was r e f l e c t e d  a t  t h e  i n t e r n a l  blade c a l c u l a t i o n  s t a t i o n s  by d i s -  
t r i b u t i n g  t h e  r e s u l t i n g  flow a r e a  r educ t ion  uniformly a c r o s s  t h e  annulus ;  
t h i s  method was judged most appropr i a t e  s i n c e  an  unusual and undes i r ab le  k ink  
would have r e s u l t e d  from use  of concent ra ted  part-span shroud blockage. The 
blade th i ckness  blockage was d i s t r i b u t e d  r a d i a l l y  a s  i t  a c t u a l l y  occurred ,  
however. The combined e f f e c t s  of boundary l a y e r ,  b lade  th i ckness ,  and p a r t -  
span shroud blockage r e s u l t e d  i n  minimum e f f e c t i v e - a r e a  c o e f f i c i e n t s  f o r  t h e  
i n t e r n a l  blade c a l c u l a t i o n  s t a t i o n s  varying from 0.85 a t  t h e  t i p  t o  0.73 a t  
t h e  hub f o r  Rotors 2 and v i r t u a l l y  t h e  same va lues  f o r  Rotor 1B. F igure  4 
shows t h e  con t r ibu t ions  of t h e  t h r e e  blockages which f o r  a t y p i c a l  case make 
up t h e . t o t a 1  e f f ec t ive -a rea  c o e f f i c i e n t .  A s  i s  t h e  c a s e  wi th  t h e  angu la r  
momentum d e r i v a t i v e s ,  t h e  dashed l i n e s  i n  t h e  reg ion  of t h e  l ead ing  and t r a i l -  
ing edge a r e  used t o  f i n d  modified a x i a l  d e r i v a t i v e s  of t o t a l  e f f e c t i v e  a r e a  
c o e f f i c i e n t .  I n  t h e s e  c a l c u l a t i o n s  t h e  shroud blockage e f f e c t  was app l i ed  
over a l a r g e r  a x i a l  d i s t a n c e  than  t h e  a c t u a l  shroud l eng th .  

Annulus Shape and Axia l  V e l o c i t i e s  

For given o v e r a l l  des ign  requirements,  u s u a l l y  s p e c i f i e d  by weight flow, p re s -  
s u r e  r a t i o ,  and blade speed, t h e  annulus a r e a  i s  t h e  primary f a c t o r  i n  d e t e r -  
mining t h e  l e v e l  of a x i a l  v e l o c i t y .  When s e l e c t i n g  a x i a l  v e l o c i t y  l e v e l s  t h e  
following f a c t o r s  must be cons idered:  (1) f o r  a g iven  va lue  of b lade  loading  
parameter, such a s  d i f f u s i o n  f a c t o r ,  a r educ t ion  i n  a x i a l  v e l o c i t y  a c r o s s  t h e  
r o t o r  tends  t o  reduce t h e  p re s su re  r a t i o  c a p a b i l i t y  of t h e  r o t o r ,  (2) a l a r g e  
inc rease  i n  a x i a l  v e l o c i t y  tends  t o  choke t h e  annulus or t o  pose d i f f u s i o n  
problems f o r  succeeding blade rows, and (3)  t h e  s lopes  and c u r v a t u r e s  of t h e  
cas ing  and hub su r faces  can s o m e t i m e s  be used e f f e c t i v e l y  t o  y i e l d  a x i a l  
v e l o c i t y  p r o f i l e s  t h a t  tend t o  s t r eng then  t h e  t r a d i t i o n a l l y  weak blade-end 
reg ions .  An a d d i t i o n a l  f a c t o r  f o r  c o n s i d e r a t i o n  i n  t h i s  d e s i g n  i s  t h a t  t h e  
r o t o r  i s  not immediately followed by a s ta tor .  Under t h i s  circumstance,  
annulus choke downstream of t h e  r o t o r  becomes an  important cons ide ra t ion .  For 
t h e s e  des igns  i t  was decided t h a t  t h e  t i p  a x i a l  v e l o c i t y  r a t i o  should not be 
less than 0.9. 

The hub and casing contours  f o r  both Rotor 1 B  and Rotors 2 a n n u l i  w e r e  e s t ab -  
l i s h e d  on t h e  bas i s  of t h e  above cons ide ra t ions .  I n  t h e  cour se  of t h e  des ign  
c a l c u l a t i o n s  i t  became c l e a r  t h a t  it was p o s s i b l e  t o  a s s i g n  t h e  same c a s i n g  
contour t o  both Rotor 1 B  and Rotors 2 and s t i l l  main ta in  a reasonable  a x i a l  
v e l o c i t y  change n e a r  t he  c a s i n g  f o r  both. Accordingly as i s  seen  i n  f i g u r e  1 
only t h e  hub contour i s  d i f f e r e n t  f o r  t h e  two r o t o r  t ypes .  F igure  2 i s  an 
enlargement of t h e  flowpath i n  t h e  neighborhood of t h e  r o t o r .  Included i n  
t h i s  f i g u r e ,  f o r  r e fe rence  purposes,  are t h e  s t r e a m l i n e s  obta ined  from t h e  
des ign  c a l c u l a t i o n s  f o r  Rotors 2 .  
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Total-Pressure Ratio and Loss C o e f f i c i e n t s  

The s e l e c t i o n  of d i f f u s i o n  f a c t o r ,  s o l i d i t y ,  i n l e t  r e l a t i v e  v e l o c i t y  and, from 
the  preceding sec t ion ,  a x i a l  v e l o c i t y  r a t i o  permits  c a l c u l a t i o n  f o r  t h e  r o t o r  
t i p  of t h e  change i n  angular  momentum ac ross  t h i s  s e c t i o n  of t h e  r o t o r ,  The 
change i n  angular  momentum and a s u i t a b l e  r o t o r  t o t a l -p re s su re - los s  c o e f f i c i e n t  
determine t h e  r o t o r  t o t a l -p re s su re  r a t i o .  The t o t a l - p r e s s u r e  r a t i o  was main- 
t a ined  cons tan t  over t h e  r a d i a l  height of t h e  blade.  The equat ions  used f o r  
t hese  c a l c u l a t i o n s  a r e  given i n  reference 4, except t h e  fol lowing d e f i n i t i o n  
of d i f f u s i o n  f a c t o r  was used: 

V i  r V  - r V  2 02  1 0 1  D = 1 - - +  
2%: 

This  form i s  p re fe r r ed  when the re  i s  a change i n  r ad ius  as t he  flow passes  
through a blade row. 

The p r o f i l e  loss po r t ions  of t h e  ro to r  t o t a l -p re s su re - los s  c o e f f i c i e n t s  used 
i n  the  CAFD c a l c u l a t i o n s  were determined from t h e  loss c o r r e l a t i o n  ( r e f .  4) 
which i s  t h e  objec t  of add i t iona l  development a t  NASA Lewis Research Center. 
In  r e fe rence  4 it  i s  demonstrated t h a t  l o s s e s  from r o t o r  tests f o r  a l l  r a d i a l  
immersions except t h e  immersion ten-percent from t h e  t i p  c o r r e l a t e  reasonably 
w e l l  on d i f f u s i o n  f a c t o r  when the  to t a l -p re s su re - los s  parameter i s  used. Data 
a t  t h e  ten-percent immersion above a d i f f u s i o n  f a c t o r  of 0.25 s c a t t e r s  over  a 
w i d e  range of t o t a l -p re s su re - los s  parameter. The des igne r  has t h e  choice of 
s e l e c t i n g  values  wi th in  t h i s  broad band of v a r i a t i o n .  The minimum l e v e l  of 
t he  to t a l -p re s su re - los s  parameter band f o r  ten-percent immersion was used t o  
guide t h e  s e l e c t i o n  of t i p  p r o f i l e  losses  f o r  a l l  r o t o r s .  Addit ive shock 
l o s s e s  were c a l c u l a t e d  by t h e  NASA method given i n  re ference  3. The d i f f u s i o n  
f a c t o r s  and Mach numbers used t o  c a l c u l a t e  t h e  to t a l -p re s su re - los s  c o e f f i c i e n t s  
were taken from immediately preceding CAFD rotor des ign  c a l c u l a t i o n  and w e r e  
t h e r e f o r e  s l i g h t l y  d i f f e r e n t  from t h o s e  c a l c u l a t e d  i n  the  f i n a l  design.  Fig- 
u r e  5 shows t h e  r a d i a l  d i s t r i b u t i o n s  of r o t o r  t o t a l -p re s su re - los s  c o e f f i c i e n t  
t h a t  were employed. For Rotors 2 one loss  curve was used  t o  s impl i fy  the  de- 
s ign  c a l c u l a t i o n s .  A s  w i l l  be shown i n  a l a t e r  s e c t i o n  reasonable  r a d i a l  
d i s t r i b u t i o n s  of a d i a b a t i c  e f f i c i ency  and d i f f u s i o n  f a c t o r  r e s u l t e d  from 
these  assumptions. 

Because i t  was decided t o  wash o u t  the blockage inf luence  of t h e  part-span 
shroud downstream of t h e  blade i n  a manner t y p i c a l  of t h e  d i s s i p a t i o n  of a 
wake, it i s  necessary t o  provide some i n d i c a t i o n  of t h e  a s soc ia t ed  mixing 
loss. A t  t h e  f i r s t  c a l c u l a t i o n  s t a t i o n ,  1.54, where t h e  part-span shroud 
blockage no longer  e x i s t s  a to ta l -pressure  loss was introduced.  The loss  was 
determined by u s e  of t h e  compressible dumping loss c o e f f i c i e n t  a s soc ia t ed  wi th  
t h e  two percent  change i n  t h e  e f f e c t i v e  a rea  of t h e  shroud and t h e  compressi- 
b l e  v e l o c i t y  head a t  c a l c u l a t i o n  s t a t i o n  1.5. The loss  was d i s t r i b u t e d  uni-  
formly f r o m  hub t o  t i p .  Accordingly, t h e  part-span shroud loss d id  not  in -  
f l uence  t h e  shape of t h e  r o t o r  blading. 
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Rotor Blade Shape Design 

Constant-chord r o t o r s  employing mul t ip l e -c i r cu la r - a rc  b lade  elements i n  t h e  t i p  
r eg ion  and double-c i rcu lar -a rc  b lade  elements i n  t h e  hub r eg ion  were s e l e c t e d  
t o  f u l f i l l  t h e  requirements of t h e s e  des igns .  The camberline of a mul t ip l e -  
c i r c u l a r - a r c  element c o n s i s t  of two c i r c u l a r  a r c s  which a r e  mutually t angen t  
a t  t h e  po in t  where they j o i n .  The method of development of t h e  mul t ip l e -  
c i r c u l a r - a r c  elements used i n  t h e s e  des igns  i s  desc r ibed  i n  appendix B, 
Multiple- and Double-Circular-Arc P r o p e r t i e s .  The f r o n t  a r c  i s  i d e n t i f i e d  a s  
t h e  supersonic  arc and t h e  r e a r  a r c  i s  i d e n t i f i e d  a s  t h e  subsonic a r c .  Geo- 
metric desc r ip t ion  of t h e  double-c i rcu lar -a rc  elements fo l lows  t h e  customary 
procedure of using one c i r c u l a r  a r c  t o  r ep resen t  t h e  camberline and c i r c u l a r  
a r c s  of d i f f e r e n t  r a d i i ,  t angent  t o  t h e  maximum th i ckness  and edge t h i c k n e s s  
c i r c l e s ,  t o  form t h e  su r faces .  The c e n t e r  of t h e  maximum t h i c k n e s s  c i rc le  i s  
l o c a t e d  on t h e  camberline mid-way between t h e  l ead ing  and t r a i l i n g  edges. 
D i s t r i b u t i o n s  of t h e  r a t i o  of supersonic  t o  t o t a l  camber a r e  shown i n  f i g u r e  
6 .  Multiple-circular-arc-type elements extend inward t o  t h e  r a d i a l  l o c a t i o n  
where t h e  r a d i i  of t h e  supersonic  and subsonic a r c s  a r e  equa l ,  Th i s  r a d i a l  
l o c a t i o n  v e r y  near ly  corresponds t o  t h e  l o c a t i o n  of t h e  par t - span  shrouds.  
Double-circular-arc-type elements a r e  employed i n  t h e  remaining r a d i a l  l eng th .  
Rotor 2D i s  composed of double-circular-arc-type elements along i t s  e n t i r e  
r a d i a l  l eng th .  

The des ign  of the r o t o r  elements was performed along axisymmetric stream s u r -  
f a c e s  us ing  t h e  p r o j e c t i o n  recommended i n  r e fe rence  5. Th i s  p r o j e c t i o n  c u t s  
t h e  b lades  along t h e  axisymmetric su r faces  but views t h e  c u t  s e c t i o n s  along a 
r a d i a l  l i n e .  The inc idence  and d e v i a t i o n  ang le s  a r e  de f ined  i n  t h i s  p ro jec -  
t i o n  ( i d e n t i f i e d  a s  t h e  cascade p r o j e c t i o n )  and t h e  r e s u l t i n g  blade angles  are 
termed cascade angles.  

The blade designs w e r e  based on t h e  vec to r  diagrams a t  t h e  edges. I n  t h e  hub 
r eg ion  t h e  i n l e t  and e x i t  c a l c u l a t i o n  s t a t i o n s  (1.0 and 1 .5  i n  f i g u r e  2 )  a r e  
reasonably c l o s e  t o  t h e  l ead ing  and t r a i l i n g  edges. I n  t h e  t i p  r eg ion  however 
the edges a r e  removed from t h e  c a l c u l a t i o n  s t a t i o n s  by a s  much a s  twenty per- 
c e n t  of t h e  a x i a l  d i s t a n c e  between t h e  i n l e t  and e x i t  s t a t i o n s .  The importance 
of proper ly  accounting for t h i s  displacement w i l l  be seen  l a t e r  i n  t h i s  sec- 
t i o n .  Rotor 1 B  design d a t a  i s  l i s t ed  i n  t a b l e  1; Rotors 2 des ign  d a t a  a r e  
l i s t ed  i n  t a b l e s  2 ,  3 and 4.  Although only one o v e r a l l  CAFD c a l c u l a t i o n  was 
performed f o r  Rotors 2 ,  i n d i v i d u a l  v e c t o r  diagrams were e s t a b l i s h e d  f o r  each  
Rotor 2 type  depending upon t h e  a x i a l  p o s i t i o n  of each i n  t h e  annulus.  These 
d i f f e r e n c e s  a r e  observed when comparing t h e  d a t a  i n  t a b l e s  2 ,  3 and 4. 

Design incidence ang le s  w e r e  g e n e r a l l y  s e l e c t e d  on t h e  b a s i s  of p a s t  exper ience  
but sub jec t  t o  t h e  a d d i t i o n a l  c r i t e r i o n  t h a t  t h e  b lade  t h r o a t  be adequate t o  
prec lude  t h e  condi t ion  of choking. The r o t o r  geometry was checked f o r  choking 
according t o  the  method described i n  appendix C,  Throat Area Parameter. I n  
reg ions  of e leva ted  des ign  i n l e t  r e l a t i v e  Mach number, i t  was in tended  t h a t  
t h e  des ign  incidence ang le  be c a l c u l a t e d  according t o  t h e  c o n d i t i o n  t h a t  t h e  
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s u c t i o n  su r face  angle  a t  t h e  lead ing  edge be p a r a l l e l  t o  t h e  upstream flow 
d i r e c t i o n .  When Rotor 2B was set according t o  t h i s  c r i t e r i o n  and checked f o r  
choking, it was found t h a t  i n  t h e  t i p  reg ion  less than  1% margin i n  t h r o a t  
a r e a  e x i s t e d  over t h e  c r i t i c a l  a r e a  assoc ia ted  wi th  one normal shock a t  t h e  
upstream Mach number. 
margin was judged t o  be i n s u f f i c i e n t  t o  pass  t h e  des ign  flow and accord ingly  
t h e  des ign  incidence was increased.  
Rotor 2D was appl ied  t o  Rotor 2B t h e  margin shown i n  f i g u r e  7 ( a )  r e s u l t e d ,  and 
accordingly it was decided t o  use  t h e  Rotor 2D des ign  inc idence  d i s t r i b u t i o n  
t o  set t h e  lead ing  edge d i r e c t i o n  i n  the  t i p  and p i t c h  r eg ions  f o r  a l l  Rotors 
2 .  S imi l a r  r e s u l t s  were encountered when Rotor 1 B  t i p  b lade  elements were set 
t o  t h e  d e s i r e d  incidence c r i t e r i o n  and t h e  des ign  incidence for Rotor 1 B  w a s  
l i kewise  increased  t o  t h a t  l e v e l  which would have been used i f  a r o t o r  had 
been designed with double-circular-arc  s e c t i o n s  t o  t h e  loading l e v e l  of Rotor 
1B. Figure  7(b)  shows t h e  f i n a l  choke check r e s u l t s  for Rotor 1B.  

In  view of t h e  unca lcu la ted  r e a l  f low e f f e c t s  t h i s  

When t h e  c a l c u l a t e d  des ign  incidence f o r  

I n  t h e  hub region,  where t h e  des ign  i n l e t  r e l a t i v e  Mach number i s  near  s o n i c ,  
blade element l o s s e s  a r e  almost e n t i r e l y  r e l a t e d  t o  d i f f u s i o n  requirement,s, 
and s e t t i n g  t h e  s u c t i o n  su r face  a t  the lead ing  edge p a r a l l e l  t o  t h e  upstream 
flow d i r e c t i o n  i s  not  a meaningful c r i t e r i o n .  Design incidence angles  w e r e  
lowered t o  avoid excess ive  lead ing  edge loading but l i m i t e d  by t h e  a d d i t i o n a l  
cons ide ra t ion  t h a t  t h e  t h r o a t  a r ea  be l a r g e  enough t o  pass  t h e  des ign  flow. 
The t h r o a t  a r ea  r a t i o  margin f o r  t h e  hub elements was s e l e c t e d  t o  be about t h e  
same a s  t h e  sma l l e s t  margin for t he  t i p  elements.  

The t a b u l a t i o n s  of blade s e t t i n g  d a t a  ( tables  1 through 4) l i s t  t h e  d i f f e r -  
ences  i n  d i r e c t i o n ,  K '  - K '  , between the  camberline and the  suc t ion  s u r f a c e  s l  1 

a t  t h e  lead ing  edges.  The incidence angles  employed i n  these  des igns  are 
shown i n  f i g u r e  8. 

The d e v i a t i o n  angles  were obta ined  by applying an ex tens ion  of C a r t e r ' s  Rule 
( f i g .  9). The two curves  i n  f i g u r e  9 f o r  t h e  p o s i t i o n s  of maximum camberl ine 
rise a t  f o r t y  and f i f t y  percent  of chord l eng th  a r e  e x t r a c t e d  from Car t e r ' s  
c o r r e l a t i o n  of cascade d a t a  i n  re ference  6. The t h r e e  o t h e r  curves  were con- 
s t r u c t e d  by l ay ing  o f f  a t  any blade-chord angle  t h r e e  increments i n  d e v i a t i o n  
c o e f f i c i e n t  equal  t o  t h e  increment between t h e  f o r t y  percent  and f i f t y  per-  
cen t  curves .  For each blade element an equiva len t  two-dimensional cascade 
was def ined  a s  is  d iscussed  i n  appendix B, Blade S e t t i n g .  The d e v i a t i o n  co- 
e f f i c i e n t ,  m, was obta ined  from f igu re  9 us ing  t h e  blade-chord angle  and pos i -  
t i o n  of  maximum camberline rise of t h e  a c t u a l  cascade. The d e v i a t i o n  ang le  
was c a l c u l a t e d  from t h e  camber of the equiva len t  two-dimensional cascade.  

+ x  . 
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The empi r i ca l  adjustment, X ,  which i s  shown wi th  t h e  r e s u l t i n g  d e v i a t i o n  
ang le s  i n  f i g u r e  10 i s  der ived  from exper ience  wi th  aerodynamic des ign  and 
performance syn thes i s  f o r  t h i s  gene ra l  type  of r o t o r .  

Some p e r t i n e n t  design d a t a  which summarize t h e  r e s u l t s  of t h e  f i n a l  o v e r a l l  
CAFD c a l c u l a t i o n s  appear i n  f i g u r e s  11 through 15 f o r  Rotor 1B and i n  f i g u r e s  
16 through 20 f o r  Rotors 2. 
l i n e s  i n d i c a t e  s t a t i o n  cond i t ions .  Examination of t h e  graphs g i v e s  ind ica -  
t i o n  of t h e  importance of p rope r ly  accounting f o r  t h e  displacement between 
t h e  s t a t i o n s  and t h e  edges. A s  an i l l u s t r a t i o n ,  f o r  Rotor 1B t h e  r e l a t i v e  
i n l e t  a i r  angle a t  t h e  blade edge i s  up t o  two degrees  d i f f e r e n t  from t h a t  a t  
c a l c u l a t i o n  s t a t i o n  1.0 ( f i g .  13). The d i f f e r e n c e  i n  des ign  d a t a  ( t a b l e s  2, 
3 and 4) f o r  Rotors 2 a r e  small  enough so  t h a t  wi th  t h e  s c a l e s  s e l e c t e d  
they  cannot a lways  be c l e a r l y  ind ica t ed  i n  t h e  graphs .  Some i n d i c a t i o n  of 
t h e  des ign  requirements f o r  a s t a t i o n a r y  blade row t o  fo l low c l o s e  on to  t h e  
designed r o t o r s  i s  g iven  i n  t h e  graphs of abso lu t e  a i r  c o n d i t i o n s  a t  t h e  r o t o r  
e x i t  c a l c u l a t i o n  s t a t i o n  ( f i g s .  21 and 22). 

S o l i d  l i n e s  i n d i c a t e  edge c o n d i t i o n s  and broken 

A layout  on a cascade p r o j e c t i o n  of a t y p i c a l  b lade  element from Rotor 2B 
i s  shown i n  f igu re  23. A p o r t i o n  of t h e  p re s su re  s u r f a c e  of t h e  next b lade  
i n  t h e  counter-rotor-wise d i r e c t i o n  i s  inc luded;  t h i s  s u r f a c e  a t  any a x i a l  
l o c a t i o n  i s  cons t ruc ted  wi th  t h e  c o r r e c t  c i r c u m f e r e n t i a l  displacement and i t s  
shape i s  the re fo re  not i d e n t i c a l  wi th  t h a t  of t h e  f i r s t  b lade .  The cons t ruc-  
t i o n  of t h e  th roa t  width and upstream cap tu re  width which i s  performed t o  a r -  
r i v e  a t  t h e  Throat Area Parameter i s  included. Although t h i s  method of t h r o a t  
a r e a  determination i s  approximate, s t u d i e s  have shown t h a t  i t  i s  q u i t e  a c c u r a t e  
except when the  meridional angle ,  E ,  i s  v e r y  l a r g e  and t h e  number of b l ades  i s  
very small .  

The r a d i a l  d i s t r i b u t i o n s  of a d i a b a t i c  e f f i c i e n c y  ( f i g .  24)  are obta ined  direct-  
l y  from t h e  o v e r a l l  CAFD c a l c u l a t i o n s .  But i n  keeping wi th  t h e  planned method 
f o r  r educ t ion  of aerodynamic test d a t a ,  where measured q u a n t i t i e s  w i l l  be cor -  
rected from the  measurement p l anes  t o  t h e  b lade  edges,  r a d i a l  d i s t r i b u t i o n s  of 
o t h e r  performance i n d i c a t o r s ,  d i f f u s i o n  f a c t o r ,  a x i a l  v e l o c i t y  r a t i o ,  r e l a t i v e  
t u r n i n g  angle ,  s t a t i c - p r e s s u r e - r i s e - c o e f f i c i e n t  and en tha lpy-equiva len t  s ta t ic-  
p res su re - r i s e -coe f f i c i en t  ( f i g u r e s  25 through 29), were c a l c u l a t e d  from t h e  
des ign  v e c t o r  diagrams a t  t h e  edges. 

The mul t ip le -c i rcu lar -a rc  and double-c i rcu lar -a rc  b lade  elements w e r e  spec i -  
f i e d  i n  t h e  cascade p r o j e c t i o n  and t h e  conversion from t h i s  p r o j e c t i o n  t o  
c y l i n d r i c a l  s ec t ions  was accomplished by means of t h e  c a l c u l a t i o n  r o u t i n e  
which i s  discussed i n  appendix B,  Spec ia l  A i r f o i l  Generator.  F igure  30 i s  
included t o  reveal t h e  d i f f e r e n c e  between c y l i n d r i c a l  and cascade  blade-edge 
ang le s  f o r  a t y p i c a l  case .  I n  t h e  hub reg ion ,  d i f f e r e n c e s  as  l a r g e  as 3.5 
degrees  occur,  and thereby  i l l u s t r a t e  t h e  importance of u s ing  t h e  cascade 
p r o j e c t  ion.  
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For t h e  purpose of manufacturing t h e  blading, t h e  developed c y l i n d r i c a l  sec- 
t i o n s  a r e  i n t e r p r e t e d  a s  p lane  sec t ions  normal t o  t h e  s t a c k i n g  a x i s ,  since 
t h e  e r r o r  involved i s  n e g l i g i b l e .  

TEST VEHICLE 

I n l e t  Ducting 

The cond i t ions  of ze ro  i n l e t  s w i r l  and moderately t h i n  cas ing  boundary l a y e r  
r e q u i r e  inco rpora t ion  of a flow s t r a i g h t e n e r  i n  t h e  v e h i c l e  i n l e t  and pro- 
v i s i o n  f o r  a l a r g e  a rea  c o n t r a c t i o n  i n t o  t h e  t es t  v e h i c l e ;  see f i g u r e  1. The 
flow s t r a i g h t e n e r  has honeycomb type c e l l s  which a r e  approximately equiva len t  
t o  a 7/8” diameter ;  t h e  l eng th  of t h e  c e l l s  i s  8”. An incompressible  axisym- 
metric f l u x  p l o t  of t h e  i n l e t  con t r ac t ion  reg ion  y i e l d s  t h e  cas ing  v e l o c i t y  
d i s t r i b u t i o n  shown i n  f i g u r e  31; t h e  presence of t h e  f o u r  s t r u t s  was ignored 
f o r  purposes of t h i s  c a l c u l a t i o n .  The l a c k  of adverse v e l o c i t y  g r a d i e n t s  on 
both w a l l s  sugges ts  cond i t ions  conducive t o  hea l thy  boundary l a y e r s .  

Ou t l e t  Guide Vanes 

The same set of o u t l e t  guide vanes ( f igu re  1 )  which was designed f o r  t h e  Con- 
t r a c t  NAS3-7618 veh ic l e  ( r e f .  7 )  w i l l  be used f o r  t h i s  v e h i c l e .  Since t h e  
performance of t h e  r o t o r  i s  of primary i n t e r e s t ,  t h e  purpose of t h e  o u t l e t  
gu ide  vane s y s t e m  i s  t o  remove s w i r l  and decrease  Mach number so t h a t  t h e  ex- 
haus t  system p res su re  drop w i l l  be minimized when t h e  d i scha rge  Mach number 
i s  high.  The o u t l e t  guide vanes were designed t o  t h e  c a l c u l a t i o n s  which were 
performed a s  a p a r t  of t h e  Contract  NAS3-7618 design.  Check c a l c u l a t i o n s  
w e r e  performed, and i t  was determined t h e  o u t l e t  guide vane des ign  performed 
under Cont rac t  NAS3-7618 would f u l f i l l  t h e  needs of t h e  tes t  v e h i c l e  f o r  
Rotor 1 B  and Rotors 2 .  Since t h e  o u t l e t  guide vanes have v a r i a b l e  s t agge r ,  
any problems a s soc ia t ed  with t h e i r  high incidence ope ra t ion  on t h e  high- 
p re s su re  p a r t  of t h e  c h a r a c t e r i s t i c  can be r e a d i l y  e l imina ted .  

The o u t l e t  guide vane s e c t i o n s  employ a modified NACA 65 - se r i e s  t h i ckness  
d i s t r i b u t i o n  and a c i r c u l a r - a r c  camberline. The hub s o l i d i t y  is 1 . 4 ,  and 
t h e  chord i s  cons tan t  r a d i a l l y ,  The aspect  r a t i o  is approximately 2.  

D i s to r t ion  Screens 

Radial  and c i r cumfe ren t i a l  d i s t o r t i o n  screens  were designed t o  provide a 
t o t a l - p r e s s u r e  l o s s  of 15% a t  t h e  r o t o r  i n l e t  ins t rumenta t ion  s t a t i o n .  The 
c i r c u m f e r e n t i a l  sc reen  w i l l  cover  a 90° arc of t h e  i n l e t  annulus  while  t h e  
r a d i a l  s c reen  w i l l  cover  t h e  o u t e r  40% of t h e  i n l e t  annulus.  The s o l i d i t y  of 
t h e  sc reens  for both types  of d i s t o r t i o n  was determined t o  be 0.54. Th i s  
va lue  of s o l i d i t y  w a s  a r r i v e d  a t  u t i l i z i n g  tes t  d a t a  of r e fe rence  8 which ap- 
proximates  t h e  d e s i r e d  des ign ,  and a c o r r e l a t i o n  of s c reen  t o t a l - p r e s s u r e -  
loss c o e f f i c i e n t  with screen  s o l i d i t y  and screen i n l e t  Mach number ( r e f .  9) .  
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A screen  wi th  approximately 0.016 inch w i r e  d iameter  and 20 mesh w i l l  p rovide  
t h e  requi red  0.54 s o l i d i t y .  These d i s t o r t i o n  sc reens  w i l l  be supported by a 
screen  covering t h e  e n t i r e  annulus whose w i r e  d iameter  i s  about 0.092 inches  
and which has a 3/4 inch  mesh. 

APPENDIX A 

ROTOR BLADE AEROMECHANICAL CONSIDERATIONS 

P. Chifos  and C.E.  Danforth 

Summary 

The s e l e c t e d  conf igura t ion  f o r  t h e s e  r o t o r s ,  t i t a n i u m  blading of aspec t  r a t i o  
of about 2 .5  with par t -span shroud a t  about 60-percent blade he igh t ,  g ives  t h e  
most reasonable  expec ta t ion  of f u l f i l l i n g  t h e  aeromechanical des ign  o b j e c t i v e s .  
Designs without part-span shrouds would have r equ i r ed  aspec t  r a t i o s  a s  low a s  
1.5. Although the reduced v e l o c i t i e s *  f o r  t h e  s e l e c t e d  des igns  are i n  t h e  
range of reduced v e l o c i t i e s  f o r  cu r ren t  blading ope ra t ing  s u c c e s s f u l l y  i n  
General E l e c t r i c  engines ,  i t  i s  poss ib l e  t h a t  s e l f - e x c i t e d  blade v i b r a t i o n  may 
be encountered in  t h e  80-percent design speed r eg ion  before  s t a l l  i s  a t t a i n e d  
while  t h e  t es t  veh ic l e s  are operated with c i r c u m f e r e n t i a l  i n l e t  d i s t o r t i o n .  

Resonant V ib ra t ion  

Two aeromechanical cons ide ra t ions  governed t h e  s e l e c t i o n  of t h e  r o t o r  b lade  
des igns  : 

1. The avoidance of two per-rev resonance wi th  t h e  f i r s t  f l e x u r a l  
frequency of t h e  b lades  a t  high speed. 

2.  The attempt t o  guard aga ins t  s e l f - e x c i t a t i o n  a s  t h e  inc idence  angle  
increases  when s t a l l  i s  approached. 

While i t  i s  usua l ly  d e s i r a b l e  t o  avoid i n t e g r a l  o r d e r  per-rev resonance i n  t h e  
low per-rev range and occas iona l ly  even h igher  o r d e r  per-rev resonance, t h e  
avoidance of two per-rev resonance with t h e  f i r s t  f l e x u r a l  mode i s  gene ra l ly  
mandatory f o r  engine des igns  and f o r  research  v e h i c l e s  which must be opera ted  
with c i r cumfe ren t i a l  d i s t o r t i o n .  I n l e t  s y s t e m s  f o r  a i r c r a f t  engines  f r equen t ly  

*(Veloci ty  r e l a t i v e  t o  t h e  blade/semi-chord t i m e s  t o r s i o n a l  f requency) ,  dimen- 
s i o n l e s s ,  va r i e s  approximately inve r se ly  wi th  aspec t  r a t i o .  
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d e l i v e r  one per-rev and two per-rev 
t h e  f i r s t  f l e x u r a l  v i b r a t i o n  modes. 
may be achieved i n  e i t h e r  of two ways: 

d i s t o r t i o n s ,  e i t h e r  of which can e x c i t e  
The avoidance of two per-rev resonance 

1. Design f o r  two per-rev f l exura l  resonance a t  low speeds where ex- 
c i t a t i o n  energy l e v e l s  a r e  correspondingly low, obta in ing  a b lade  
wi th  n a t u r a l  frequency a t  high speed between one- and two-per-rev. 
There a r e  such designs which are c u r r e n t l y  success fu l ,  Aspect 
r a t i o s  a r e  moderately high. 

2. Design t o  have a f i r s t  f l exura l  frequency above t h e  two per-rev wi th  
adequate margin a t  high speeds, a r e s u l t  achieved by u s e  of low as-  
pect  r a t i o s  or of moderate-to-high aspec t  r a t i o s  wi th  shrouding of an 
appropr i a t e  type.  

There a r e  compromises i n  each approach. The low-speed resonance approach with 
correspondingly apprec iab le  aspect  r a t i o s  i s  workable only i f  t he  aerodynamic 
environment has been e s p e c i a l l y  t a i l o r e d  t o  avoid those  cond i t ions  conducive 
t o  i n s t a b i l i t y  i n  t h e  comparatively high reduced v e l o c i t y  l e v e l s  t h a t  n a t u r a l -  
l y  fol low.  The second approach of exceeding t w o  per-rev f requencies  demands 
a comparatively low aspect  r a t i o  ( f l e x u r a l  frequency going up approximately 
a s  t he  chord) and a weight /s ize  penalty.  

But  t h e  low aspec t  r a t i o  achieving the f l e x u r a l  frequency margin over  t w o  
per-rev c a r r i e s  with it  a reduct ion  i n  t h e  reduced v e l o c i t y  which inc reases  
t h e  d e s i g n ' s  incidence migrat ion range t h a t  i s  f r e e  from i n s t a b i l i t y .  How- 
ever ,  f o r  t h e  present  aerodynamic designs t h i s  second approach would r e q u i r e  
an aspec t  r a t i o  of about 1.5 with a conventional d o v e t a i l  and no shrouding. 
Designs t o  t h e  o r i g i n a l l y  des i r ed  aspect  r a t i o  o f  t h r e e  (3) imply t h e  need 
f o r  shrouding. 

A f t e r  i t  became c l e a r  t h a t  part-span shrouds should be considered,  parametr ic  
s t u d i e s  were made to  a s ses s  t h e  des i r ab le  spanwise l o c a t i o n  f o r  t h e  shroud. 
Figure 32 i l l u s t r a t e s  t h e  choices  ava i l ab le  t o  avoid i n t e g r a l  o rde r  resonance 
with t h e  f i r s t  f l e x u r a l  frequency. Resonance with two per-rev e x c i t a t i o n  i s  
not a problem f o r  any reasonable  shroud loca t ion .  The proposed Rotor 1 B  de- 
s i g n  y i e l d s  a f i r s t  f l e x u r a l  frequency a t  about 3.6  per-rev a t  des ign  speed 
(1400 f t / s e c  t i p  speed, 8791 rpm). Campbell diagrams a r e  shown i n  F igures  33 
and 34 f o r  Rotors 1B  and 2B, respec t ive ly .  

Se l f  -Exci ta t ion 

A d e t a i l e d  examination of t o r s i o n a l  frequency and corresponding reduced velo- 
c i t y  v a r i a t i o n  was made f o r  aspect  ra t ios  3.0 and 2.5. Primary emphasis was 
placed on Rotor 1 B  which, because of its l o w e r  roo t  camber and h igher  aspec t  
r a t i o ,  has  t h e  lowest t o r s i o n a l  f requencies .  Whereas a t  80-percent des ign  
speed, where t h e  incidence margin appears t o  be t h e  sma l l e s t ,  t h e  aspec t  r a t i o  
3.0 des ign  y ie lded  a lo incidence margin between c lean  i n l e t  s t a l l  and s e l f -  @ 
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e x c i t a t i o n ,  t h e  aspect r a t i o  2.5 des ign  r e s u l t s  i n  a 3" incidence margin. Be- 
cause of t h e  necess i ty  t o  opera te  wi th  i n l e t  d i s t o r t i o n  and t h e  unavoidable 
blade-to-blade manufacturing d i f f e r e n c e s ,  t h e  aspec t  r a t i o  3.0 des ign  was con- 
s ide red  t o o  r i s k y .  The aspec t  r a t i o  2.5 design was chosen. 

Steady Stress and Mater ia l  Se l ec t ion  

Ca lcu la t ions  l i s t e d  i n  Table 5 poin t  c l e a r l y  t o  t h e  use of t h e  t i t a n i u m  a l l o y ,  
6A1-4V-Ti, which has  t h e  g r e a t e s t  s e r v i c e  experience,  on t h e  b a s i s  of t h e  f o l -  
lowing cons idera t ions :  

1. 

2.  

3.  

Part-span shroud r e s t r a i n t  and t h e  r e s u l t i n g  root  warping s t r e s s  t o -  
g e t h e r  with t h e  s t r e s s  components due t o  c e n t r i f u g a l  and a i r  loads  
combine t o  produce an u n t i l t e d  root  edge stress of approximately 
100,000 p s i  for s t e e l ,  p r a c t i c a l l y  t h e  y i e l d  poin t  f o r  t y p i c a l  blad- 
ing mater ia l  such a s  403 s t a i n l e s s .  This  i s  an unreasonable choice i n  
t h e  event t h a t  any unant ic ipa ted  v i b r a t i o n  or malfunct ion be encoun- 
t e r e d .  Calcu la t ions  i n d i c a t e  an u n t i l t e d  root  edge stress of 69,000 
p s i  f o r  t i t an ium,  which has a y i e l d  s t r e n g t h  of 111,000 p s i .  Th i s  
stress reduces t o  13,500 p s i  f o r  Rotor 1B with t i l t i n g ,  a s  i s  shown 
i n  Table 5. 

High t i p  speed and t h e  r e l a t e d  l a r g e  blade p u l l  makes t h e  blade dove- 
t a i l  design d i f f i c u l t  with s t e e l  but r e l a t i v e l y  s t r a igh t fo rward  with 
t i t an ium which has about t he  same s t r e n g t h  but only 56% of t h e  dead 
load.  

E l a s t i c  untwist  and o u t e r  panel ( t he  p o r t i o n  o u t s i d e  of t h e  par t -span 
shroud) s t a l l  stress without resonance appear t o  be acceptab le .  

APPENDIX B 

DIGITAL COMPUTER PROGRAMS USED I N  DESIGN 

Compressor Axisymmetric Flow Determination 
(CAFD) 

The name, Compressor Axisymmetric Flow Determination, and t h e  abbrev ia t ion  
f o r  i t ,  CAFD, r e f e r  t o  a d i g i t a l  computer program which desc r ibes  t h e  axisym- 
met r ic  flow f i e l d  i n  t he  region of turbomachinery blading.  

The o v e r a l l  c a l c u l a t i o n  scheme may be summarized a s  fo l lows:  The flow i s  
considered a t  a number of a x i a l  s t a t i o n s  ( z  = cons tan t  p l anes ) ,  and t h e  r a d i a l -  
equi l ibr ium equation, energy equat ion ,  and c o n t i n u i t y  cond i t ion  a r e  employed 
a t  each of them t o  determine the  d i s t r i b u t i o n  of flow p r o p e r t i e s  from hub t o  
cas ing .  I t  i s  necessary,  however, t h a t  t hese  d i s t r i b u t i o n s  obtained sepa ra t e ly  
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a t  each  s t a t i o n  be c o n s i s t e n t  from s t a t i o n  t o  s t a t i o n  and t h a t  t h e  r a d i a l  ac- 
c e l e r a t i o n  which a f l u i d  p a r t i c l e  undergoes as i t  passes  from s t a t i o n  t o  s ta-  
t i o n  be accounted f o r  i n  t h e  r ad ia l - equ i l ib r ium equat ion .  T h i s  i s  done by 
assuming t h a t  t h e  shape of a meridional s t r eaml ine  i s  adequate ly  r ep resen ted  
by a s p l i n e  cons t r a ined  a t  each a x i a l  s t a t i o n  c o n s i s t e n t  wi th  t h e  c o n t i n u i t y  
c o n d i t i o n  and a t  upstream and downstream boundary s t a t i o n s  by a s e l e c t e d  
o r i e n t a t i o n  and shape. The r a d i a l  a c c e l e r a t i o n  i s  expressed i n  t e r m s  of t h e  
mer id iona l  s t r eaml ine  s lope  and curva ture .  

An i t e r a t i v e  method of s o l u t i o n  i s  implied. Meridional s t r eaml ine  shapes a r e  
assumed based on r e s u l t s  from t h e  previous i t e r a t i o n  and flow d i s t r i b u t i o n s  a t  
each a x i a l  s t a t i o n  a r e  found. These imply new mer id iona l  streamline shapes,  
and t h i s  i t e r a t i v e  c a l c u l a t i o n  is allowed t o  cont inue  u n t i l  t h e  changes i n  
s t r eaml ine  shapes between two success ive  c a l c u l a t i o n s  are small  enough t o  
s a t i s f y  t h e  user .  

An i n t e r e s t i n g  f e a t u r e  of t h e  computer program i s  t h e  i n c l u s i o n  of terms i n  
t h e  r ad ia l - equ i l ib r ium equat ion  which r ep resen t  t h e  b lade  a c t i o n  by a d i s t r i -  
buted body f o r c e  f i e l d  and t h e  blade t h i c k n e s s  by d i s t r i b u t e d  blockage. The 
equat ion ,  which appears i n  re ference  10, wherein phys ica l  i n t e r p r e t a t i o n  of 
t h e  ind iv idua l  terms i s  rendered, i s  r e s t a t e d  he re :  

- - -  
r Dz m~ 

- 
p ar 1 - M  m 

2 144 a D  1 - M- /V: D 

rar 2 
1 - M  

r F 
+ -  

1 2  1 - Mm 1 2  

- -  Fe MIMe 
2 

The hea t  a d d i t i o n  t e r m  has been omitted s i n c e  it  does not  appear i n  compressor 
des ign:  i n  t h e  absence of t r a n s i e n t s  t h e  b lade  s u r f a c e  and t h e  f l u i d  ad jacent  
t o  i t  are a t  t h e  same temperature.  

I t  i s  suggested ( r e f .  10) t h a t  a term be added t o  r ep resen t  t h e  hea t ing  e f f e c t  
of i n t e r n a l  f l u i d  f r i c t i o n ,  which encompasses a l l  loss  sources  inc luding  
shock waves : 
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The l o s s - r a t e  c o e f f i c i e n t ,  , i s  def ined  a s  fo l lows:  
z 

1 DP' DPid 
z - 

= - -  - - -  
z P - P  (Dz D: ) ' 

- 
and i s  d is t inguished  from t h e  l o s s - c o e f f i c i e n t ,  W ' ,  i n  t h a t  t h e  l o s s - r a t e  
c o e f f i c i e n t  i s  concerned wi th  t h e  manner i n  which t h e  en t ropy  inc reases  in -  
s i d e  of t h e  blade r o w  whereas t h e  l o s s  c o e f f i c i e n t  m e r e l y  acknowledges t h a t  
t h e  entropy has  increased ac ross  t h e  blade row. 

The r a d i a l  and t angen t i a l  components of t h e  b lade  f o r c e  may be expressed i n  
t e r m s  of t h e  ax ia l  change i n  angular  momentum by means of t h e  fol lowing re- 
l a t i o n s h i p s :  

and F = F t a n  X 035) r 0 

By us ing  t h e  f a c t  t h a t  t he  second d e r i v a t i v e  of t he  meridional  s t r eaml ine  

shape can be r e l a t e d  t o  the  meridional  s t r eaml ine  cu rva tu re ,  - , and t r i g o -  

nometry t o  r e l a t e  v e l o c i t y  components, equa t ion  (Bl) may be r e w r i t t e n  as 
follows: 

1 
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m 

2 3  2 
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The p a r t i c u l a r  grouping of t e r m s  on t h e  right-hand s i d e  of equat ion  (B6) i s  
i n t e n t i o n a l :  t h e  f i r s t  braces  include t e r m s  which a r e  present  anywhere i n  t h e  
flow f i e l d  while t h e  second braces  include t e r m s  which occur  only when ca lcu-  
l a t i o n s  i n s i d e  the  a x i a l  ex ten t  of a b lade  row a r e  des i r ed .  The a t t e n t i o n  of 
t h e  r eade r  i s  aga in  i n v i t e d  t o  re ference  10 where a numerical example i l l u s -  
t r a t e s  t h e  r e l a t i v e  magnitude of each term i n  equat ion (B6). 

A t  each z x i a l  s t a t i o n  where t h e  r o t a t i n g  blade row i s  i n f l u e n t i a l  t h e  enthalpy 
of t h e  f l u i d  is  r e l a t e d  t o  the  f l u i d  s w i r l  v e l o c i t y  by t h e  energy equat ion  
which may be found i n  re ference  11: 

where v2 
T = t +- 

P 
2gJc 

9 

The s t a t i c  cond i t ion  of t h e  f l u i d  i s  descr ibed  by use  of t he  equat ion  of s t a t e ,  

1 

1 4 4  
P = -  gPRt 9 ( B 9 )  

and t h e  s p e c i f i c  h e a t s  a r e  assumed t o  be cons tan t .  Appl ica t ion  of t h e  
c o n t i n u i t y  condi t ion  i n  t h e  form which may a l s o  be found i n  r e fe rence  11, 

i n  combination with t h e  previous four equat ions  y i e l d s  a complete d e s c r i p t i o n  
of t he  flow a t  each a x i a l  s t a t i o n .  

Because a form of t h e  rad ia l -equi l ibr ium equat ion employing s t a t i c  p re s su re  
was u s e d ,  an entropy g rad ien t  term does not appear e x p l i c i t l y .  The entropy 
v a r i a t i o n s  t h a t  r e s u l t  from r a d i a l l y  non-constant l o s s e s  a r e  c o r r e c t l y  ac- 
counted f o r ,  however, through t h e  use of 

which r e s u l t s  from t h e  d e f i n i t i o n  of entropy and the  assumption of a p e r f e c t  
gas .  
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With t h e  flow f i e l d  completely desc r ibed ,  loading  parameters ,  such as d i f f u s i o n  
f a c t o r  and s t a t i c - p r e s s u r e - r i s e  c o e f f i c i e n t ,  and f o r c e s  on t h e  b lad ing  and 
wa l l s  a r e  ca l cu la t ed  from s t a t i o n  d a t a  ,using geometric c h a r a c t e r i s t i c s  of t h e  
s y s t e m  where required.  

Intra-Blade Energy D i s t r i b u t i o n  
(IBED) 

This  d i g i t a l  computer program provides  t h e  s t a g n a t i o n  p r e s s u r e  and temperature 
and t h e  d e r i v a t i v e  of t h e  product of r a d i u s  and t a n g e n t i a l  v e l o c i t y  wi th  re- 
spec t  t o  t h e  a x i a l  d i r e c t i o n  along a s t r eaml ine  a t  d e s i r e d  a x i a l  l o c a t i o n s  i n  
t h e  r eg ion  of a r o t o r  blade row. The upstream and downstream s t a g n a t i o n  p res -  
s u r e  and temperature and t h e  a x i a l  l o c a t i o n s  of t h e  b lade  edges a r e  s p e c i f i e d .  
The a x i a l  v a r i a t i o n  of energy a d d i t i o n  i s  c a l c u l a t e d  according t o  t h e  follow- 
ing equat i on  : 

A z - z  r V  - r V  6 1 0 1  
r 2 V e 2  - r V 1 e 1  

which a l lows  a n a l y t i c a l  e v a l u a t i o n  of t h e  a x i a l  d e r i v a t i v e  of energy a d d i t i o n ,  

t- 1 

L J 

The s t a g n a t i o n  temperature i s  determined from t h e  energy equat ion ,  (B7), and 
t h e  s t a g n a t i o n  p res su re  i s  found by assuming a cons t an t  p o l y t r o p i c  e f f i c i e n c y  
a t  t h e  va lue  assoc ia ted  wi th  t h e  downstream p r e s s u r e  and temperature.  The 
va lue  of A i s  s e l e c t e d  from p a s t  exper ience  t o  g i v e  a r e p r e s e n t a t i v e  r a t e  of 
energy a d d i t i o n  c o n s i s t e n t  wi th  expected b lade  s u r f a c e  v e l o c i t y  d i s t r i b u t i o c s .  

Blade S e t t i n g  
(BLAST ) 

I n  t h i s  b lade  s e t t i n g  procedure, a f t e r  t h e  axisymmetric flow f i e l d  i s  e s t ab -  
l i s h e d  and t h e  incidence and b lade  s o l i d i t y  a r e  selected, t h e  camberline 
o r i e n t a t i o n  i s  c a l c u l a t e d  us ing  C a r t e r ' s  c o r r e l a t i o n  ( r e f .  6). When changes 
i n  r a d i u s  and a x i a l  v e l o c i t y  a r e  p re sen t  along a s t r eaml ine  a c r o s s  a b lade  
row, t h e  dev ia t ion  angle i s  found by us ing  t h e  camber which i s  de r ived  from 
an equ iva len t  two-dimensional cascade of t h e  same a b s o l u t e  c i r c u l a t i o n  a s  i s  
r equ i r ed  along t h e  s t r eaml ine .  
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Sketch 2 shows a t y p i c a l  v e l o c i t y  diagram. The e x i t  v e l o c i t y  diagram of the  
equ iva len t  two-dimensional case appears i n  dashed l i n e s .  For t h e  equ iva len t  
diagram t o  have the  same c i r c u l a t i o n  a s  t he  a c t u a l  diagram, the  equiva len t  ab- 
s o l u t e  t a n g e n t i a l  v e l o c i t y  must be l a r g e r  than the  a c t u a l  abso lu t e  t a n g e n t i a l  
v e l o c i t y  by the  r a t i o  of the  e x i t  r ad ius  t o  the  i n l e t  r ad ius .  

-- c 
! 

sketch 2 

Addi t ion  of vec to r s  i n  t h e  t a n g e n t i a l  d i r e c t i o n  r e s u l t s  i n  t h e  fol lowing 
s ta tement :  

L VAg, = u1 - - r 1 '02 
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By s u b s t i t u t i o n  of t h e  v e l o c i t y  diagram r e l a t i o n s h i p s ,  

= u - Vztan B '  , v0 

and Vztan 6' = VA , (B15a) 

and rearrangement, an express ion  r e l a t i n g  t h e  equ iva len t  and a c t u a l  r e l a t i v e  
f l u i d  e x i t  angles i s  obta ined:  

When s t a t o r s  a r e  c a l c u l a t e d  t h e  abso lu te  f l u i d  ang le  r e l a t i o n s h i p  i s  ob ta in -  
ed by s e t t i n g  the  wheel speed t o  zero .  

C a r t e r ' s  formula, 

'e 6" = - 
VG 

may be expresed i n  terms of r e l a t i v e  f l u i d  ang le s  and t h e  inc idence  angle a s  
fo l lows  : 

The unguided po r t ion  of t h e  f l u i d  a t  t h e  e x i t  of t h e  cascade i s  more c l o s e l y  
r e l a t e d  t o  t h e  ac tua l  blade-chord angle  than  t h e  blade-chord angle  of t h e  
equiva len t  cascade and t h e r e f o r e  t h e  d e v i a t i o n  c o e f f i c i e n t ,  m, i s  determined 
by e n t e r i n g  t h e  func t iona l  r e l a t i o n s h i p  (shown g r a p h i c a l l y  i n  f i g u r e  10)  wi th  
t h e  a c t u a l  blade-chord angle .  The t r a i l i n g  edge ang le  i s  c a l c u l a t e d  by ap- 
p l i c a t i o n  of t h e  d e v i a t i o n  angle  from equat ion  (B18) t o  t h e  a c t u a l  f l u i d  e x i t  
angle .  I t e r a t i o n  i s  r equ i r ed  t o  a r r i v e  a t  t h e  c o r r e c t  d e v i a t i o n  c o e f f i c i e n t .  
The i t e r a t i v e  c a l c u l a t i o n  i s  stopped when t h e  blade-chord ang le  from t h e  suc-  
c e s s i v e  c a l c u l a t i o n s  d i f f e r s  by less than  0.01 degrees .  

Occas iona l ly ,  past  exper ience  sugges ts  t h e  need f o r  a d d i t i o n a l  allowance i n  
d e v i a t i o n  ang le ,  and an empi r i ca l  adjustment,  X,  i s  provided i n  equa t ion  
(B18). The fo rmused  i n  t h i s  des ign  i s  g iven  i n  equa t ion  (2).  

Multiple- and Double-Circular-Arc P r o p e r t i e s  
(MADCAP) 

For input t o  t h e  Spec ia l  A i r f o i l  Generator computer program (descr ibed  l a t e r  
i n  t h i s  Appendix) an a c c u r a t e  d e s c r i p t i o n  of t h e  b lade  camberline shape and 
th i ckness  d i s t r i b u t i o n  i s  requi red .  The MADCAP computer program provides  f o r  
de te rmina t ion  of t h e  p o i n t  a t  which two c i r c u l a r  a r c s  j o i n  when mul t ip l e -  
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circular-arc blade elements are selected. In addition, the direction of the 
camberline and the circumferential displacement of the camberline are calcu- 
lated at preselected axial locations. After the trailing edge is located, the 
blade-chord angle is calculated. The angle between the camberline and the 
suction surface at the leading edge and the position along the chord line at 
which the maximum rise of the camberline occurs (in percent of chord) are also 
calculated. 

A section through a blade (sk. 3) is obtained by cutting the blade along a 
stream surface but viewing it in the radial direction as recommended in 

sketch 3 
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r e fe rence  5 .  This i s  c a l l e d  t h e  cascade p r o j e c t i o n .  
placement of any p o i n t  on t h e  camberline from t h e  l ead ing  edge i n  t h e  cascade 
p r o j e c t i o n  i s  defined as follows: 

The C i rcumfe ren t i a l  d i s -  

u = 1 rd0 . 

I n  ske tch  3 and o t h e r  ske tches  i n  t h i s  s e c t i o n  u i s  measured pe rpend icu la r  t o  
t h e  compressor a x i s  i n  t h e  p lane  of t h e  paper. 

The camberline of a mul t ip l e -c i r cu la r - a rc  blade i s  made up of two c i rcu lar  arcs 
i n  t h i s  p ro jec t ion ,  The maximum th i ckness  e x i s t s  a t  t h e  p o i n t  where t h e  two 
arcs j o i n .  The camber b i s e c t o r  of t h e  forward o r  supersonic  p o r t i o n  i n t e r s e c t s  
t h e  l i n e  of lead ing  edges a t  a po in t  midway between ad jacen t  l ead ing  edges  as 
shown. 

From knowledge of t h e  i n l e t  and e x i t  a i r  ang le s ,  t h e  inc idence  angle  and a 
t e n t a t i v e  dev ia t ion  ang le ,  t h e  l ead ing  edge d i r e c t i o n ,  K '  ,and t h e  t o t a l  camber, 

$ t  , are found, The value of camber r a t i o ,  - , i s  s p e c i f i e d  and t h e  t o t a l  

chord, c and l ead ing  edge spacing, s are known from p re l imina ry  des ign  

s e l e c t i o n s .  The camber of t h e  supersonic  and subsonic p o r t i o n s  are found s i m -  
p l y  by m u l t i p l i c a t i o n  and subs t r ac t ion .  The chord of t h e  supersonic  p o r t i o n  
may then be found from 

1 ' ss 

't 

t '  1 '  

c = s s i n  1.; - F) $ss  . ss 1 

By app l i ca t ion  of t h e  l a w  of cos ines  t h e  subsonic  chord may be found from 

' s s  2 ' s s  'sb 
sb 
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With t h e  supersonic  and subsonic  chords c a l c u l a t e d  t h e  r a d i i  of both arcs may 
be found from 

C ss r =  
4ss 

ss 
2 s i n  - 2 

and (B22a) 

When double-c i rcu lar -a rc  blade elements are s e l e c t e d ,  s p e c i f i c a t i o n  of t he  

, i s  not r equ i r ed ;  i t  can be determined from the  value of camber r a t i o ,  - 

observa t ion  t h a t  t he  r a d i u s  of the  camberline i s  t h e  same i n  both  t h e  super- 
son ic  and subsonic p o r t i o n s  of t he  blade element,  

4ss 

+t 

t 

2s in  - 
C 

r = r  = 
4, ss s b  Y 

2 

and t h e  use of equat ions  (B20) and (B22): 

4, s s i n  K '  s i n  - 1 1 2 

c + s cos K '  s i n  - t 1 1 2 

2 
arctan 4,s 

4, +t 
- = -  

4 t  

(B22b) 

The camber angles  of t h e  supersonic and subsonic  p o r t i o n s  may be found simply 
by m u l t i p l i c a t i o n  and s u b t r a c t i o n ,  and t h e  supersonic  and subsonic  chords may 
be found from rearrangement of equat ions (B22) and (B22a). 

The blade-chord angle  of t he  blade element i s  t h e  d i r e c t i o n  of t h e  chord l i n e ,  
a s t r a i g h t  l i n e  passing through the lead ing  edge and t r a i l i n g  edge p o i n t s ,  
w i t h  r e s p e c t  t o  t h e  a x i s  of the  compressor, and i s  found as follows: 

2 U 

y o  = arc tan  S 

= 2 - 5  
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where the  numerator and denominator a r e  t h e  summations of t h e  p r o j e c t i o n s  of 
t h e  supersonic  and subsonic chords i n  t h e  c i r cumfe ren t i a l  and a x i a l  d i r e c t i o n s :  

' s s  
u2 = c ss  s i n  [ K i  - 2 + csbs in  ( K '  1 - @ss - ) , (B25) 

@ss + c cos  ( K; - @ss - ?)- 'sb (B26) and 2 2 - 2  1 = C  ss C O S  ( K i - 7 )  sb  

The d i r e c t i o n  of t h e  camberline a t  a p re se l ec t ed  a x i a l  l o c a t i o n  on t h e  super-  
sonic  a r c ,  po in t  i, is determined using t h e  method o u t l i n e d  i n  ske tch  4. 

*I:i 1 

1 A 

sketch 4 
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Summation of t h e  ind ica t ed  l e n g t h s  in  t h e  a x i a l  d i r e c t i o n  y e i l d s :  

0327) r s i n  K '  + (zi - z ) = r s i n  K '  ss i 1 ss 1 '  

(Zi - zl> 
+ss  s i n  - s i n  K '  - - 2 

2 1 c  
ss  

or rear ranging  : 

, 

(B27a) 

K !  = a r c s i n  
1 

The c i r c u m f e r e n t i a l  displacement from the l ead ing  edge may be determined i n  
a s i m i l a r  manner: 

+ S S  

s i n  ( K '  - A - 1 C O S  [ K; - 
1 

To avoid numerical d i f f i c u l t y  equation (B22) i s  s u b s t i t u t e d  i n t o  equat ion  
(B27a) y i e l d i n g  t h e  following p re fe r r ed  form: 

7 1 

K '  = a r c s i n  
i 

L J 

and an a l t e r n a t e  form i s  introduced for  equa t ion  (B28): 

K '  + K '  
i 1  

2 u = (z i  - z l )  t a n  
i 

On the  subsonic arc the  following equations apply: 
- 

(B27b) 

(B28a) 

L 
lss' r 

s b  

and u = csssin ( K i  - 1) +ss + rsb [ cos K '  - cos (K; - +ss)l . (B30) 1 i 
-I 

Again a l t e r n a t e  equa t ions  are introduced t o  avoid numerical d i f f i c u l t y :  

- t)ss) - c 2 s i n  2 kz i  - zl> - csscos[ K i  - +I} (B29a) 
s b  

I - 
1 

c 
and 

ss 
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Determination of the chordwise position of the maximum camberline rise (per- 
pendicular displacement from the chord line) depends upon the use of the 
observation that the direction of the camberline at the maximum camberline- 
rise point is the blade-chord direction. 
placements from the leading edge to the maximum camberline-rise point, a, are 
special cases of equations (B29) and (B30), where K; = Yo. 

The axial and circumferential dis- 

Therefore 

z -2 a 1  

I I 
i 

sketch 5 

34 



Sketch 5 shows t h e  case  where t h e  maximum camberline r ise occurs  toward t h e  
t r a i l i n g  edge wi th  r e spec t  t o  t h e  poin t ,  m, where t h e  a r c s  j o i n ,  or 

For t h e  c a s e  where t h e  maximum camberline r ise occurs  towards t h e  lead ing  
edge wi th  r e spec t  t o  t h e  po in t  where t h e  arcs j o i n ,  or 

t h e  a x i a l  and c i r cumfe ren t i a l  displacements may be c a l c u l a t e d  us ing  equat ions  
(B27) and (B28): 

and 

ss ( s i n  y o  - sin K ’ )  1 , ‘a - ‘1 = - 

u a = r ss (cos y o  - cos K ’ )  1 . 
The displacement along t h e  chord d i r e c t i o n  from t h e  leading  edge t o  t h e  
maximum camberline rise is  obtained by a d d i t i o n  of t h e  two l eng ths  ind ica t ed  
i n  ske tch  5 and t h e r e f o r e  

The d i f f e r e n c e  i n  d i r e c t i o n  a t  t he  leading edge between the  suc t ion  su r face  
and t h e  camberline i s  ca l cu la t ed  following the  method o u t l i n e d  i n  ske tch  6. 
The edge th i ckness  i s  considered t o  e x i s t  perpendicular  t o  the  camberline edge 
d i r e c t i o n  and a t  t h e  edge; t he  suc t ion  and pressure  s u r f a c e s  are c losed  by a 
c i r c u l a r  arc which passes  through t h e  camberline-edge po in t  and i s  tangent  
to bo th  su r faces .  On t h e  maximum th ickness  l i n e  t h e  s u c t i o n  su r face  arc and 
t h e  camberline arc have t h e  same d i r ec t ion .  The inc idence  angle  requi red  t o  
set t h e  suc t ion  su r face  a t  t he  leading edge p a r a l l e l  t o  t he  upstream flow 
d i r e c t i o n  i s  the re fo re  j u s t  t h e  d i f f e rence  i n  camber i n  t h e  supersonic  po r t ion  
between the  suc t ion  su r face  arc and t h e  camberline arc: 

t 
Since  

e cos 4 t* @SS + - - -  
9 (B39)  

4 S S S  ss 2 2  2 S S  
c s i n  - 

t tan 2 = 
4ss e c cos - + - sin 4 ss 2 2 ss  
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s s  s i n  4 

' +SS c s i n  - 
ss 2 

sketch 6 

3' 

Calcu la t ion  of incidence angles  for  double-circular-arc  blade elements cannot 
be performed using equat ion  (B40), because, u n l i k e  t h e  mul t ip l e -c i r cu la r - a rc  
case ,  t h e  pos i t i ons  on the  camberline of t h e  r e a r  terminus of t h e  supersonic  
a r c  and t h e  maximum th ickness  do not co inc ide .  Suppose i n  ske tch  6 t h a t  t h e  
poin t  where t h e  supersonic  and subsonic a r c s  j o i n  were moved rearward ( a s  i s  



i n  both sketch the  chord of the  a rc ,  c 

t h a t  for double-c i rcu lar -a rc  elements t h e  
m ’  

t h e  case  i n  the  t i p  reg ion  for Rotor 2D); t he  camber of t he  arc between the  
lead ing  edge and the  maximum thickness  p o i n t s  can then be des igna ted  4 and m a  

6 and equat ion  (B40). By observing 

fol lowing r e l a t i o n s h i p s  e x i s t :  

C m and 
4 t  0, = 2 

f o r  t h e  double-c i rcu lar  a r c  equat ion (B40 

1 0& 

t C 
- - 

Om ’ 2 cos  - 2 

may be w r i t t e n  

c t an  -I 4 + tm - t e cos 2) 0, - -  
2 -  0 t  c + te s i n  - t 2 

i = 2 a r c t a n  

Spec ia l  A i r f o i l  Generator  
(SAG) 

With t h i s  program t h e  d e s c r i p t i o n  of t h e  b lade  as a series of cascade pro jec-  
t i o n s  f o r  t h e  seve ra l  axisymmetric stream s u r f a c e s  i s  converted t o  a desc r ip -  
t i o n  on c y l i n d r i c a l  su r f aces  from which t h e  blade can be manufactured. The 
blade i s  s tacked and l e a n  angles ,  X , are  c a l c u l a t e d  i n  t h e  event  a d d i t i o n a l  
axisymmetric flow f i e l d  c a l c u l a t i o n s  a r e  des i r ed .  

A t  each g r i d  poin t  ( i n t e r s e c t i o n  of meridional s t reaml ine  and a x i a l  s t a t i o n )  
c y l i n d r i c a l  blade angles  a r e  ca l cu la t ed  from 

K ’  = a r c t a n  ( tan K ’  - t a n  E t an  A )  , 0343)  
C Y 1  

and cu rve - f i t  r a d i a l l y  so t h a t  values may be found on t h e  d e s i r e d  c y l i n d r i c a l  
su r f aces .  

From knowledge of t h e  a x i a l  l oca t ions  of  t h e  blade edges,  edge ang le s  a r e  c a l -  
c u l a t e d  and an a n a l y t i c a l  desc r ip t ion  of t h e  camberline angle  ve r sus  z on t h e  
c y l i n d r i c a l  su r f ace  i s  obtained.  The e f f ec t ive -a rea  c o e f f i c i e n t  due t o  t h e  
b lade  blockage and t h e  edge th ickness  are cu rve - f i t  r a d i a l l y  and va lues  on t h e  
d e s i r e d  c y l i n d r i c a l  su r f aces  a r e  found. Coordinates  f o r  t h e  camberline are 
obta ined  by i n t e g r a t i n g  t h e  camberline angle  equat ion  us ing  a d d i t i o n a l  a x i a l  
l o c a t i o n s  f o r  more complete desc r ip t ion  of t h e  blade sec t ion .  Sur face  coord i -  
n a t e s  a r e  found by c a l c u l a t i n g  t h e  th ickness  d i s t r i b u t i o n  from 

(1 - Kbkb) 2rr cos K ’  cy1 - - -  t 

t *bCt 
9 

C 

and apply ing  it  normal t o  t h e  camberline. 
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After  t he  centers-of-area of t he  s e c t i o n s  are determined the  s e c t i o n s  are 
d isp laced  a x i a l l y  and c i r cumfe ren t i a l ly  t o  o b t a i n  the  d e s i r e d  r e l a t i o n s h i p  
of each sec t ion  to  a r a d i a l  l i n e .  Lean angles  are c a l c u l a t e d  a t  the  d e s i r e d  
a x i a l  p lanes  by d i f f e r e n t i a t i o n  of t he  func t iona l  r e l a t i o n s h i p  between circum- 
f e r e n t i a l  pos i t i on  and r ad ius .  The s ign  convention f o r  l e a n  ang le ,h  , i s  
t h a t  which y i e lds  a p o s i t i v e  angle when a po in t  moving along the  blade moves 
oppos i te  t o  the d i r e c t i o n  of r o t o r  r o t a t i o n  a s  i t  moves outward along the  
blade . 

APPENDIX C 

THROAT AREA PARAMETER 

The knowledge of t he  d e t a i l s  of t he  axisymmetric flow f i e l d  i n s i d e  a t ran-  
son ic  r o t o r  blade row allows an approximate c a l c u l a t i o n  which measures t h e  
c a p a b i l i t y  of any r o t o r  blade element t o  pass  the  flow f o r  which i t  was de- 
signed. The r e s u l t  of t h i s  c a l c u l a t i o n  i s  named the  Throat A r e a  Parameter;  
i t  i s  def ined  a s  follows: 

* 
h L  t h r  - A1 Kbkthr  t h r  t h r  - *  

A t h r  hl L1 E1 1 
The r a d i a l  stream tube he igh t ,  h ,  i s  obtained from o v e r a l l  CAFD c a l c u l a t i o n s .  
The capture  width, L1, i s  j u s t  t he  product ,  s cos B ' .  The t h r o a t  width,  1 

L i s  the  d is tance  between the  pressure  and suc t ion  su r faces  of a cascade 

i n  the  cascade p ro jec t ion  a t  t he  l o c a t i o n  where the  a r e a  found by the  product ,  

t h r  

Lh 

A* t h r  
, i s  minimum.  An example of t he  cons t ruc t ion  used t o  provide informat- 

i o n  f o r  Throat Area Parameter c a l c u l a t i o n s  appears  i n  f i g u r e  23. Trial-and- 
e r r o r  i s  required t o  a r r i v e  a t  t he  t h r o a t  l oca t ion .  The p res su re  su r face  of 
t he  next  blade i n  the  counter-rotor-wise d i r e c t i o n  i s  cons t ruc ted  wi th  the  
c o r r e c t  c i rcumferent ia l  spacing and i t s  shape i s  t h e r e f o r e  not  i d e n t i c a l  w i th  
t h a t  of t he  f i rs t  blade.  

i s  in t roduced  a s  a modif ier  on the  The e f f e c t i v e  a rea  coef f i c e i n t  , 
t h roa t  stream tube he ight  t o  provide for i n c l u s i o n  of any in f luence  on the  
t h r o a t  a r ea  which i s  not  otherwise introduced.  I n  t h e s e  des igns  the  blockage 
of the  part-span shroud was d i s t r i b u t e d  equa l ly  over t he  annulus he ight  and 
accordingly r e su l t ed  i n  no add i t iona l  c o n t r a c t i o n  of t he  axisymmetric stream- 
tube. The t w o  percent  blockage ( f i g .  4) of t he  p a r t  span shroud was used i n  
a l l  ca l cu la t ions  ( f i g s .  7 (a)  and 7(b) )  involv ing  equat ion  (Cl ) .  

Kbk th ry  
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The change i n  c r i t i c a l  flow a r e a  between t h e  l ead ing  edge and t h e  t h r o a t  re- 
s u l t s  from t h e  change i n  r e l a t i v e  s t agna t ion  cond i t ions  a s  t h e  s t r eaml ine  
r a d i u s  changes. The r a t i o  of c r i t i c a l  a r e a s  may be expressed a s  fo l lows:  

v+l 
2Y 

(C2)  
- =  4 * (+) 
Athr id 

where t h e  i d e a l  r e l a t i v e  s tagnat ion-pressure  r a t i o  i s  g iven  by a rear range-  
ment of an equat ion  found i n  re ference  11, 

The Throat Area Parameter i s  u s u a l l y  p l o t t e d  a g a i n s t  i n l e t  r e l a t i v e  Mach num- 
ber  a s  i n  f i g u r e s  7 ( a )  and 7 (b ) .  On these  coord ina te s ,  curves  of t h r o a t  a r e a  
r equ i r ed  f o r  one-dimensional i s e n t r o p i c  flow and f o r  flow wi th  t h e  loss  i n  
r e l a t i v e  s t agna t ion  p res su re  assoc ia ted  wi th  one normal shock a t  t h e  i n l e t  
r e l a t i v e  Mach number may be cons t ruc ted .  A Throat Area Parameter i n  excess 
of t h e  one-normal-shock curve i s  p re fe r r ed  because t h e  procedure f o r  checking 
t h e  t h r o a t  a r e a  does not  account f o r  t he  fo l lowing  r e a l  flow e f f e c t s  which 
tend t o  r e q u i r e  more t h r o a t  area: 

1. build-up of blade boundary l aye r ,  

2. build-up of annulus w a l l  boundary l a y e r s  from the  l ead ing  edge t o  
the  blade throat,  

3 .  shock l o s s e s  i n  excess  of those a s soc ia t ed  wi th  one norva’ shock a t  
t he  i n l e t  r e l a t i v e  Mach number, and 

4. l ack  of uniform flow i n  t h e  f r e e  stream a t  the  blade t h r o a t .  
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T a b l e  1. - Cascade  P r o j e c t i o n  Data  for R o t o r  1 B  B l a d e  S e t t i n g  
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Table 2 .  - Cascade P ro jec t ion  Data f o r  Rotor 2B Blade S e t t i n g .  
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Table 3. - Cascade Projection Data for Rotor 2E Blade Setting. 
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Table 4.  - Cascade  Projection Data for Rotor 2D B l a d e  Setting. 
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Table 5. - Aeromechanical Data for Rotor Blading 

kesign speed stresses (psi) 

Average root centrifugal stress 

Total stress at root 

Convex side 
Trailing edge 

Total stress at shroud 

Convex side 
Trailing edge 

Maximum estimated stall vibratory 
stress at shroud (z endurance) 

Convex side 
Trailing edge 

Blade natural frequencies at design speed (cps) 

1st flexural 

2nd flexural 

1st torsional 

Tip untwist at design speed (de& 

Design speed reduced velocity 

Ea t er ia 1 

- 

Rotor 1B 

29,600 

59,500 
13,500 

16,900 
11,000 

8,400 (22) 
7,600 (18) 

Rotor 2B 

28,600 

27,000 
27,000 

15,500 
12,500 

12,300 (31) 
5,300 (13) 

525 575 

1910 2150 

1205 1340 

0.8 0.7 

1.33 1.19 

6A1-4V -Ti titanium a1 loy 
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